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ABSTRACT
EVALUATION OF FISH SCALE CHEMISTRY FOR DETERMINING
HABITAT ASSOCIATIONS
Brian Kenneth Wells 
Old Dominion University, 2000 
Co-Chairs: Dr. Cynthia M. Jones 
Dr. Simon R. Thorrold
This is the first work examining the utility of scale chemistry for determining 
natal origins and habitat associations. I quantified a relationship of scale chemistry to 
water chemistry, quantified geographic variation in scale chemistry, and evaluated 
stability o f scale chemistry through maturation. Scale chemistry accurately reflected 
trace element composition o f the water in which fish had lived. Juvenile spot 
(Leiostomus xanthurus) were held in four concentrations o f Sr, Cd, and Ba 
maintained at either 20°C or 25°C, for 42 days. StrontiumiCa, Cd:Ca, and Ba:Ca 
levels in scales were linearly related to environmental concentrations while 
temperature had no effect. These results suggested scale chemistry could reflect 
differences related to habitat use by fishes. To test this, Mg:Ca, Mn:Ca, Sr:Ca, and 
Ba:Ca levels in scales from juvenile weakfish (Cynoscion regalis) from five estuaries 
along the Atlantic coast were measured. Significant variability in multivariate 
elemental signatures was found among estuaries and between collections from 1996 
and 1997. Linear discriminant function analysis was used to classify individual 
juvenile weakfish to natal estuary with -65% accuracy. Results from simulated 
learning and test samples derived from the juvenile data indicated a maximum 
likelihood (ML) procedure could estimate proportions o f juveniles from each natal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
estuary with -90-95% accuracy. Inter-annual variability in the trace element 
signatures meant fish could not be accurately classified to natal estuary based on 
signatures collected from juvenile fish in a different year. Trace element levels in 
scales were significantly correlated with otolith concentrations from the same fish in 
both studies, suggesting that similar processes control both scale and otolith 
chemistries. Finally, using natal-estuary signatures, natal location o f adult weakfish 
collected in Pamlico Sound, Chesapeake Bay, and Delaware Bay was estimated with 
ML. Composition o f adults was estimated similarly by otolith and scale chemistries. 
However, these data suggested that scale chemistry was not stable after the juvenile 
period possibly due to continued crystallization. In all, at least some trace elements in 
scales reflect levels in the ambient environment, and may be useful for quantifying 
life-history characteristics o f individual fish. However, caution is required when 
applying the technique to adults as elemental signatures may degrade.
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1CHAPTER I 
GENERAL INTRODUCTION
Measures o f  growth, survival, and reproduction can be different between fish 
stocks o f the same species and, therefore, stocks must be discriminated and managed, 
when necessary, as independent units (Campana and Casselman 1993; Ruzzante et al.
1996). If  growth and mortality rates vary greatly from one stock to another, then similar 
fishing pressures on these stocks can have drastically different effects (Edmonds et al.
1989). It is possible, then, that when stocks mix and fishing occurs, those stocks most 
sensitive to fishing pressure suffer detrimental effects (Ruzzante et al. 1996). Such 
detrimental effects include restricted genetic variation, range alteration, and reduced 
fecundity. Further, identification o f the individual stocks of a population can be useful to 
assess the recruitment success, importance o f individual spawning stocks and nursery 
areas, and exploitation rates for each stock. With this knowledge, management priorities 
can be properly assigned. It is, therefore, important to determine whether a population is 
homogeneous or composed o f  a collection o f stocks that have varying characteristics.
Beyond the implications to fisheries, the determination o f stock structure can be 
used to understand dispersal, population ecology, and metapopulation structure of a 
species (Thorrold et al. 1997). Understanding the range, amount o f mixing, and genetic 
stability o f a stock can give the researcher needed information to evaluate recruitment 
processes, population stability, and evolutionary pressures that have led to past and 
current population structure. In general, an understanding o f population structure can be 
This dissertation follows the format o f Transactions o f the American Fisheries Society.
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2applied to predicting how populations react to biotic and abiotic circumstances along 
their entire range across a landscape of varied habitats.
A stock can be defined as a single interbreeding group with complete or nearly 
complete reproductive isolation from the remaining members o f the species. However, 
stocks can also be defined as manageable units where estimates of growth, mortality, and 
fecundity are useful in predicting the persistence o f the group. The difference between 
these definitions is their temporal resolution. For instance, reproductively isolated and. 
therefore, genetically distinct stocks are formed over thousands of years where there has 
been time for portions o f a population to develop dissimilar vital rates. For management 
purposes, however, the population is broken into manageable units based on differences 
between stocks that may be the result of recent environmental events. Typically, 
managers are interested in identifying spawning stocks, their important nursery areas, and 
the further contributions of each to the entire population, all of which rely on the 
detection of variation in the population that may be caused by more recent or variable 
events.
Various techniques can identify stocks at different levels of resolution. For 
instance, studies based on morphometric and meristic differences often assume long-term 
changes to the population or inherent plasticity o f genotypes along an environmental 
gradient. Similarly, techniques based on detecting genetic variation (i.e., allozyme and 
mitochondrial) require that evolutionary processes have occurred. In fact the length of 
time required for geographic separation of stocks to be reflected in mtDNA is 1,000 to 
10,000 years (Thorrold et al. 1996). Further, even a very low exchange between stocks is 
sufficient to prevent identifiable differentiation o f the stocks within the population (Nolan
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3et al. 1991; Mills and Allendorf 1996). Genetic variation can also be restricted if 
population bottlenecks occur (Bentzen et al. 1989; Nolan et al. 1991; Graves et al. 1992; 
Epifanio et al. 1995). It is possible that the smaller groups within a population are 
different in one or more life-history parameters even though they are apparently 
genetically similar. Although differentiation has not occurred, there may still be the need 
to manage the stocks as individual units. If stocks are defined as manageable units, they 
must be detectable with great resolution so that the importance of specific spawning 
stocks, spawning grounds, and nursery areas can be evaluated. In fact, even determining 
generational differences in population structure can assist in managing a fishery over time 
as it can be used to better understand recruitment processes and environmental effects on 
the population.
Artificial and natural tags can assist in determining population structure with high 
resolution. Tagging studies are valuable for determining spawning stock, nursery 
grounds and recruitment, but large numbers o f tags must be applied and recaptured 
(Nichols 1960; Westrheim et al. 1992). Natural tags such as parasites can reduce the 
effort needed for a study (Lester et al. 1988; Dailey and Vogelbein 1991) when enough 
fish are infected for them to be detected. However, it is rare that parasites are sufficiently 
site-specific for stock management. The elemental components of bony structures can 
also act as a natural tag. Importantly, elemental tags are available on every fish 
throughout its entire life and each fish is affected independently by its environment. 
Therefore, elemental analysis of bony structures has recently played a vital role in stock 
discrimination and life-history parameter estimation. Using elemental analysis, 
researchers have been able to identify nursery areas, residential areas, and migratory
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4routes. Managers have used these determinations to assess the life-history parameters o f 
each stock as they relate to population ecology and to maintaining sustainable fisheries.
The Use of Otolith Chemistry
For trace element analysis to yield meaningful results that can be used for 
discriminating stocks and/or habitat use. there must be a correlation between habitat 
characteristics and hardpart elemental composition. To date, the majority o f research to 
evaluate what determines elemental composition in hardparts has been performed on 
otoliths. Hence, a review of the factors affecting the elemental components of otoliths 
can be helpful toward understanding the factors that control the elemental components o f 
other hardparts such as scales. Water chemistry controls as much as 75% o f the Ca and 
88% of the Sr in otoliths (Farrel and Campana 1996). Otolith formation and chemistry 
has been shown experimentally to be the product o f numerous interacting processes 
including water temperature, salinity, and ontogeny, with temperature having the greatest 
effect after water composition (Fowler et al. 1995a, 1995b). It is possible that a given 
stock can be distinguishable from other stocks by identifying specific elemental 
signatures (Campana et al. 1994) formed for each water mass (defined by chemistry, 
temperature and salinity among other things). Thresher et al. (1994), however, suggest 
that the chemical composition of otoliths may be somewhat less dependent on 
environmental conditions. Instead, regional differences in otolith composition may be 
reflective o f genetic differences or are set by environmental influences early in life that 
are maintained through subsequent life. Somewhat in support of Thresher et al., Gallaher 
and FCingsford (1996) demonstrated that Sr:Ca ratios in otoliths did not decrease, as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5expected, with increasing temperature (19°C - 28°C). Further, an increase in Sr obtained 
from food caused a slight increase o f otolith SrrCa concentrations (Gallaher and 
Kingsford 1996). In part, the elemental contents o f otoliths may also be controlled by 
diet. Regardless o f what most strongly controls otolith elemental composition "...if 
otolith elemental components (the elemental 'fingerprint') reflect, in some way, the 
characteristics o f the environment the elemental fingerprint o f the otolith nucleus could 
serve as a natural marker o f the fish populations hatched at different sites" (Campana et 
al. 1994). As long as there is site-dependent variation in the elemental composition, a 
researcher can use otoliths to determine stock structure, nursery areas, stock exploitation 
rates, and migrations.
For twenty years researchers have applied these concepts and techniques to 
otoliths to differentiate stocks. In a study designed to determine the relationship of age 
and size to elements in the otoliths o f a pelagic fish, Papadopolou et al. (1980) stated that 
"... fish otoliths could serve as storage sites of certain elements o f biological and/or 
radioecological importance." Edmonds et al. (1989) examined concentrations o f trace 
elements in otoliths o f pink snapper (Chrysophrys auratus) from seven locations along 
the western coast o f Australia and determined 84 % of specimens could be correctly 
classified to location. Edmonds et al. used trace element analysis to discriminate stocks 
o f orange roughy (Hoplostethus atlanticus) in 1991, and in 1992 distinguished stocks of 
yellow-eye mullet (Aldrichetta forsterf). Campana et al. (1994) successfully assigned 
Atlantic cod (Gadus morhua) to five separate nursery areas. Juvenile walleye pollock 
(Theragra chalcogramma) were traced to five locations in the Gulf o f Alaska with 60 to 
80% accuracy (Severin et al. 1995). Trace element analysis has also been used to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6evaluate the importance of estuary regions for recruitment to coral reefs (Gillanders and 
Kingsford 1996). In the freshwater environment, lake herring (Coregonus artedf) in Lake 
Superior were assigned to their different spawning areas in the lake (Bronte et al. 1996).
A few studies report limitations to these techniques. For example, Hoff and 
Fuiman (1995) present experimental results from tests on red drum (Sciaenops ocellatus) 
where diet, temperature, and salinity were manipulated. Despite highly significant 
correlations there was a high degree of variation in concentrations of each element within 
individual otoliths produced under constant conditions. Therefore, they showed that 
precise reconstruction of environmental history using these methods was impractical. 
Proctor et al. (1995) attempted to determine the number o f spawning areas and diversity 
of migration routes o f blue fin tuna [Thunnus thynnus), but could not because variation in 
elemental fingerprints was minimal due to homogeneity of environment. Despite these 
limitations, trace element analysis has been shown to work well for stock delineation in a 
variety of environments on multiple species o f fish with different life histories.
Beyond stock and residence identification, trace element analysis can also be 
applied to gaining previously unattainable information about the fish's life history. Secor 
(1992) and Secor et al. (1995) examined SrrCa ratios in striped bass (Morone saxitilis) 
otoliths to evaluate migratory schedules. They found that otolith microchemistry 
reflected the environmental history of the individual across an estuary gradient o f 
salinity. The time o f metamorphosis from leptocephali to glass eel (Anguilla japonica) 
was estimated from otolith increments where the width and SrrCa ratios changed 
drastically and indicated arrival time to estuaries (Cheng and Tzeng 1996). Kalish (1990) 
demonstrated that otolith chemical analysis could be used to distinguish progeny of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7anadromous and non-anadromous salmonids. These studies, in addition to ones used to 
directly identify stocks, spawning grounds, and nursery areas, clearly demonstrate the 
broad range o f information that can be attained by examining the elemental composition 
of otoliths. It seems possible that other hardparts such as scales could yield similar 
results. Importantly, scale collection is nonlethal and easier to conduct. Therefore, in an 
effort to reduce cost and fish mortality, I evaluate the usefulness of scale chemistry for 
examination o f habitat use.
The Use of Scale Chemistry
Scale structure and development
The scale is made o f two layers, the fibrillary plate and the bony layer. The 
fibrillary plate, located on the proximal side o f the scale, is largely uncalcified and 
without vascular canals (van Oosten 1957; Fouda 1979). The distal bony layer is an 
organic framework impregnated with calcium phosphate (hydroxyapatite) and calcium 
carbonate (aragonite; van Oosten 1957). The fibrillary plate varies in thickness, being 
very thin at the anterior and thickening at the focus while the bony layer has a constant 
thickness (Fouda 1979). Generally, the scale is 41 to 84% protein and the rest is mineral 
(van Oosten 1957).
The development of the scale has been examined by histology (van Oosten 1957; 
Fouda 1979) and electron microscopy (Fouda 1979). There are three types o f cells 
involved in the development o f scales: osteoblasts associated with formation o f the 
osteoid zone at the anterior edge of the scale, osteoblasts at the surface of the osseous 
layer responsible for thickening the osseous layer and formation of circuli, and fibroblasts
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8(specifically scleroblasts; Zylberberg et al. 1992) associated with formation o f the 
fibrillary plate (Fouda 1979). First, a follicle forms around a scale pocket and produces 
the osteoblasts (van Oosten 1957). Then an osteoid zone matrix of amorphous ground 
substance with dispersed collagen fibers is produced which acts as a template for 
calcification (Fouda 1979). The osteoblasts then cause the osteoid tissue to become 
impregnated with calcium (van Oosten 1957; Fouda 1979). Subsequently, the fibrillary 
plate appears as a thin sheet between the bony layer and the lower layer of the osteoblasts 
(van Oosten 1957). The development o f the fibrillary plate occurs as fibroblasts adjacent 
to the marginal osteoblasts secrete a layer o f  small collagen fibers (Fouda 1979). Later, 
the fibroblasts disappear and the fibrillary plate remains between the scale and the 
connective tissue (van Oosten 1957). Scale growth continues through life by accretion at 
the margin of the surface layer and deposition of the thin fibrous layer below it (van 
Oosten 1957). Because bony deposits occur at the periphery faster than the fibrillary 
plate grows, the bony layer extends beyond the fibrillary plate during growth (van Oosten 
1957). Additionally, growth and calcification of the bony layer is at the margin, so that 
the bony layer has a uniform thickness but the fibrillary plate grows in length and 
thickness (Fouda 1979). Incidently, regenerated scales extend their length from secretion 
of osteogenic cells at both ends until the scale pocket is filled (Fouda 1979).
Trace element analysis o f  scales
For scales to be useful, differences in the physical and chemical environment 
must be reflected in the scale, much the same way as found in the otolith. The scale can 
be intentionally marked by increasing Sr concentration in the ambient environment 
(Yamada and Mulligan 1982; Yamada and Mulligan 1987). In fact, a doubling or tripling
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9of Sr concentrations in the ambient water can produce a corresponding two- and three­
fold increase in scale Sr levels (Snyder et al. 1992). van Coillie and Rousseau (1974) 
demonstrated that in polluted waters excess metal from water can replace Ca in the 
scales. Capitalizing on this, they were able to differentiate elemental tags in scales of fish 
from two rivers (one polluted and the other not). Scales have also been shown 
experimentally to include higher concentrations o f induced lanthanide tags than either 
otoliths or vertebrae from the same fish (Ennevor and Beames 1993). Thus, there is 
experimental evidence that the levels o f an element in the environment can, to an extent, 
control elemental concentration in scales. Also, some elements (F, Sr, Zn, Ca) are 
assimilated into the bone matrix more readily as temperature increases (Gauldie et al. 
1990, 1991), which I argue by pointing to the results o f Wells et al 2000a, reflected 
differential growth. Importantly, a starvation study indicated that fish underfed for 20 
and 30.5 weeks showed no record o f  deprivation on the scales nor did checks form during 
the same period (Bilton and Robins 1971). Further, there was an indication of scale 
resorbtion (Bilton 1975). Thus, undernourished fish may not have sufficient scale growth 
for the scale to be a useful indicator o f environment because periods of migration and 
spawning may not be recorded.
It is also essential that the elemental tag persist over time. While the otolith is not 
reworked over the life of the fish and its tag remains stable (Campana et al. 1994), there 
is little research evaluating the stability o f a scale tag. Ennevor and Beames (1993) 
showed that lanthanide tags induced on juvenile salmonids remained on the scale for at 
least 10.5 months. Yamada and Mulligan (1982, 1987) showed a Sr tag remained at the 
core o f scales from returning coho salmon (Oncorhynchus kisutch) which were tagged
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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when they were still at the hatchery, thus the tag was identifiable after maturation and 
migration. Parenthetically, when analysis o f the whole scale was used there was no 
difference between control and tagged groups (Yamada and Mulligan 1982) indicating a 
need for loci-specific analysis o f the scale. In all, evidence suggests that tags initially 
present on scales remain over long periods o f time.
Analysis of trace elements in scales has been used for purposes such as 
identification of poached fish and stock structure. Some of the earliest work was done by 
Bagenal et al. (1973) who used Sr:Ca ratios in scales to differentiate brown trout (Salmo 
trutta) from sea trout (Salmo trutta). Because Sr is more available in the marine 
environment, its presence differentiated the sea-run trout. Yamada et al. (1979) Sr- 
tagged hatchery-reared coho salmon and later observed the tag in scales. To identify 
poached freshwater striped bass in the commercial catch, Belanger et al. (1987) used 
scale Sr levels to differentiate fresh from saltwater fish. Coutant and Chen (1993) 
examined Sr spikes at the primordia o f young striped bass and suggested that increased Sr 
spikes indicated marine parentage or estuarine rearing. These authors also profess the 
expanded use o f laser ablation mass spectrometry for the high resolution, loci-specific, 
and extensive analysis of trace elements in the scale. Finally, Pender and Griffin (1996) 
examined the population structure o f barramundi (Lates calcarifer) using inductively 
coupled plasma atomic emission spectroscopy (ICP-AES). Theirs is one o f the earliest 
attempts at examining many elements o f the scale simultaneously.
I use laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
to describe the scale elemental tags from weakfish (Cynoscion regalis) from five 
estuaries along the Atlantic coast. Loci-specific analysis is crucial as any technique that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
analyzes the entire scale will dilute the core tag and integrate the elemental signals from 
all the environments that the fish has experienced (Yamada and Mulligan 1982). Energy- 
dispersive and wavelength-dispersive electron microprobes (EPMA) have been used to 
examine specific areas o f the otolith (Mulligan et al. 1987; Kalish 1990; Secor 1992; 
Rieman et al. 1994; Thresher et al. 1994) and it is likely that these techniques could also 
work with scales. EPMA, however, has high detection limits (> 100 pg/g) so that only 6 
major and minor elements have been quantified in the otolith (Na, Sr. K. Ca, S, Cl; Gunn 
et al.. 1992). The proton microprobe, while more sensitive than EPMA, still has 
detection limits that are close to the concentration o f trace elements found in otoliths (> 1 
pg/g; Sie and Thresher 1992; Thorrold et al. 1997) and may be similarly restrictive for 
analyzing scales. Recently, ICP-MS has been used on otoliths with great success 
(Edmonds et al. 1991; Campana and Gagne 1994; Fowler et al. 1995a, 1995b) and can 
offer similar success for scales (Coutant and Chen 1993). The technique provides 
excellent analytical power for trace element analysis, with extremely low detection limits 
(0.1-0.01 pg/g; Houk 1986), wide dynamic range (ng/g to %), high sample throughput, 
and isotopic discrimination (Henshaw et al. 1989; Colodner et al. 1994). Potentially, 
ICP-MS can distinguish fish on spatial scales ranging from km (Dove et al. 1996) to 
hundreds o f km (Campana et al. 1994; Campana and Gagne 1994). LA-ICP-MS uses a 
narrow beam to probe solid samples. The resulting vaporized material is swept by argon 
or helium gas into a plasma torch and analyzed by mass spectrometry (Thorrold et al.
1997).
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Controlled experimentation
A controlled experiment is needed to estimate the effects of the environment on 
the assimilation of scale elements. Through experimentation, the importance of 
temperature (Radtke 1989; Townsend et al. 1992; Fowler et al. 1995a, 1995b), salinity 
(Fowler et al. 1995a, 1995b), diet (Gallaher and Kingsford 1996), and ambient elemental 
concentration (Farrell and Campana 1996) have been evaluated for their importance in 
controlling otolith elemental concentrations. Such research is limited for scales (Gauldie 
et al. 1990, 1991). While scales share similarities with otoliths (bony deposits, growth 
through life, and circuli), drastic dissimilarities could hamper the use o f scales for 
complex trace element analysis (resorbtion, composition mostly o f hydroxyapatite rather 
than aragonite, less mineral material, more plasticity of scale growth, and exposure to 
contamination even at the scale core). Because o f these dissimilarities, scales need to be 
tested under controlled conditions to judge their usefulness for trace element analysis. I 
have performed an experiment to evaluate the effects of ambient concentration of 
elements on the concentrations in the scale to determine if scale elements can reflect the 
fish’s environment.
Between-site variability in scale elemental tags fo r  juveniles
If scales have and maintain nursery-specific tags they can be used in the same 
way as otoliths to determine nursery areas o f individual fish later in life (Mulligan et al. 
1987; Edmonds et al. 1989; Edmonds et al. 1991; Edmonds et al. 1992; Campana et al. 
1994; Thresher et al. 1994; Severin et al. 1995; Bronte et al. 1996; Gillander and 
Kingsford 1996). If this is the case, individual juveniles on and o ff their nursery grounds 
could be assigned to their respective nursery areas by using scale core elemental tags.
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Adults, however, can be assigned to nursery areas only if it has been demonstrated that 
the tag is maintained through maturation and migration.
Testing stability o f  the scale tag after maturation
Stability o f the elemental tag at the scale core through maturation must be 
assessed. If it is stable, site fidelity can be evaluated by collecting spawning adults.
Using the elemental tag at the otolith core as a more stable tag to determine a fish's 
nursery area, the elemental tag at the scale core can be judged against the previously 
determined scale tag from fish o f the same nursery area. If the tags on scales show no or 
only minor alterations they can be used to assign adults to their natal grounds. 
Characteristics o f  a species well suited to evaluate scale elemental tags
To test the usefulness of scales for trace element analysis it is important to choose 
a species with a life history that is likely to have between-site variability o f elemental 
tags. The fish must have a low threshold to starvation so that mortality occurs before any 
scale resorbtion takes place, hence, scales from living fish will have grown through the 
fish's entire life. The species must exist over a large geographic range that includes 
various environmental conditions. It is also essential that there are discrete nursery areas 
with no mixing of juveniles between areas. If nursery areas are not isolated, juvenile 
mixing will limit between-area variability in the elemental tags. I show that weakfish is 
an appropriate species to be used to evaluate the usefulness o f scale trace element 
analysis for determining natal origins.
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Chapter Objectives
As trace element analysis becomes a more common approach for describing 
population structure, habitat use, and stock identification, there is a need for easier and 
less expensive data collection. While otoliths have offered a great deal o f information, 
their collection is time consuming and expensive. Additionally, it is obviously a lethal 
approach. Scales can be collected easily by the researcher or possibly the fisher. 
Therefore, scale collection and analysis may offer a nonlethal and relatively inexpensive 
approach to trace element analysis o f bony structures.
This dissertation is divided into three separate manuscripts. The first manuscript 
(Chapter II) describes the relationship between elemental composition o f the ambient 
environment and the elemental composition o f juvenile spot (Leiostomus xanthurus) 
scales. The second manuscript (Chapter III) describes the elemental signatures in the 
scales of juvenile weakfish (Cynoscion regalis) along the U. S. Atlantic coast and 
demonstrates that they vary significantly. The third manuscript (Chapter IV) estimates 
the stability of the elemental signatures in the scales and determines the natal origins of 
adult weakfish.
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CHAPTER II 
INCORPORATION OF STRONTIUM, CADMIUM, AND BARIUM IN 
JUVENILE SPOT SCALES REFLECTS WATER CHEMISTRY 
Introduction
The elemental composition o f fish bony structures such as fin rays, scales, and 
otoliths may be useful natural markers o f population structure and habitat associations. 
Such elemental tags are available on every fish throughout their lives as each fish is 
affected independently by its environment. Therefore, elemental analysis of bony 
structures can play a vital role in stock discrimination and the estimation o f life history 
parameters. Geochemical signatures in otoliths have been used to determine nursery area 
residency, gain information on parentage, and to estimate larval dispersal pathways and 
adult migration routes (reviewed by Campana 1999). Analyses o f trace elements in 
scales have been used to identify poached fish (Belanger et al. 1987), understand stock 
structure (Pender and Griffin 1996), determine marine residency (Bagenal et al. 1973), 
and identify nursery areas (Coutant and Chen 1993). Importantly, scales offer a non- 
lethal approach that is not an option with otoliths, and thus may be particularly useful 
when applied to rare or endangered species.
Before scales can be used to reconstruct environmental histories o f individual 
fish, it is necessary to validate the assumption that trace elements in scales are deposited 
in proportion to dissolved concentrations in the ambient environment. To date, only 
qualitative observation and experimentation have been performed to describe the 
relationship. Yamada et al. (1979) and Yamada and Mulligan (1982, 1987) demonstrated
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that increasing Sr concentration in the environment marks the scale. Doubling or tripling 
o f Sr concentrations in the water has been shown to produce a corresponding two- and 
three-fold increase in scale Sr levels (Snyder et al. 1992). van Coillie and Rousseau 
(1974) demonstrated that in polluted waters excess metal ions from water (Cr, Mn, Co,
Ni, Sr, Ag, Cd, Cs, Hg, and Pb) replaced Ca in scale apatite. Ennevor and Beames (1993) 
exposed juvenile salmonids to elevated levels of lanthanum, cerium and samarium by 
adding each o f the three elements to the water in which the fish were reared. Resulting 
levels of the elements in scales were higher than in either otoliths or vertebrae, suggesting 
that scales may better reflect trace element concentrations in the environment.
Accurate descriptions o f the relationship between scale and water chemistry, as 
modified by physical variables such as temperature, requires detailed knowledge of 
environmental exposures o f individual fish. This is most easily achieved under 
controlled laboratory conditions. For instance, laboratory experiments have documented 
the effects o f temperature (Radtke 1989; Townsend et al. 1992; Fowler et al. 1995a, 
1995b), salinity (Fowler et al. 1995a, 1995b), diet (Gallaher and Kingsford 1996) and 
environmental element concentration (Farrell and Campana 1996; Bath et al. 2000) on 
otolith composition. Such research is, however, limited for scales (Gauldie et al. 1990, 
1991; Mugiya et al. 1991).
In this study, I examined the relationship between Sr, Cd, and Ba levels in 
seawater and the resultant incorporation of these elements in the scales o f juvenile spot, 
Leiostomus xanthurus. Strontium and Ba are commonly assayed in otoliths and scales as 
they can be used to indicate movement in and out o f an estuary as well as discriminate 
between different estuaries (Wells et al. 2000b). In oceans Cd follows a nutrient-type
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distribution with much greater concentrations in deep water than in shallow water such 
that it can be used to indicate exposure to upwelling waters. Further, anthropogenic 
inputs in rivers and estuaries can lead to very high concentrations o f  Cd. By maintaining 
the fish in the laboratory, I was able to manipulate and quantify exposures to both water 
temperatures and dissolved concentrations o f the elements. I was also able to compare 
and contrast scale chemistry with that o f otoliths from the same fish, which have been 
reported elsewhere (Bath et al. 2000).
Methods
Experimental conditions
Spot were spawned on November 22, 1997 at the National Marine Fisheries 
Service Laboratory (Beaufort, NC, USA) in a flow-through natural sea water system 
(30%o salinity), assuring larvae were from the same brood stock and o f known age. 
Thirty-five days after hatching, the larvae were transported to a rearing laboratory and 
transferred to 24 acid washed high-density polyethylene tanks (20L capacity) in a clean 
facility equipped with a positive flow air filter (0.2 pm) system. The fish were 
acclimated to artificial seawater (20%o, “Instant Ocean”) for four days and were raised 
under experimental conditions for 42 days. Enriched Artemia were fed to the fish for the 
first two weeks o f the experiment, and thereafter fish were fed an artificial diet. Mortality 
over the experiment was low with an average of seven fish used from each tank for scale 
analyses (Table 1). Any fish that died before the designated end o f  the experiment were 
not used in any analyses.
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T a b l e  1. -  Summary o f average temperature ( 7 ) ,  pH, dissolved Sr:Ca 
(mmol/mol), Cd:Ca (nmol/mol), Ba:Ca (pmol/mol), standard length (SL), number of 
fish from each tank used, and the number o f pooled samples which were analyzed 
from each tank.
Tank U





1 20.8 8.00 15.21 19.53 151.16 24.59 9 3
2 25.2 8.05 17.40 22.41 71.41 20.21 6 j
3 25.2 8.00 16.03 14.84 25.48 27.46 11 3
4 20.3 7.97 15.17 26.37 23.90 23.05 5 3
5 20.6 7.96 22.36 26.97 138.83 24.06 4 3
6 20.4 8.02 17.68 18.16 72.30 25.27 1 1
7 24.8 8.01 22.74 29.79 148.14 23.84 8 3
8 25.2 7.98 17.88 30.33 20.85 24.02 11
9 25.1 8.00 22.47 12.18 22.93 22.52 9 3
10 20.3 7.95 12.73 22.44 155.85 24.39 9
11 20.4 7.91 12.54 20.01 228.09 25.83 10
12 25.4 8.04 22.50 49.75 70.21 23.00 10
13 20.3 7.97 17.79 48.49 22.98 24.42 5
14 20.3 7.94 22.55 53.65 215.56 24.46 9 3
15 25.1 8.04 12.75 29.31 211.75 21.89 5 2
16 25.0 8.03 15.23 24.78 144.87 22.88 5
17 24.7 8.02 13.03 46.67 74.27 — — —
18 25.5 7.98 18.29 11.49 231.45 24.41 9 3
19 20.3 8.00 17.81 12.01 75.09 25.71 7 3
20 24.9 8.00 13.39 49.66 142.93 23.61 5
21 19.7 7.98 15.00 50.14 70.96 24.78 7 3
22 20.4 8.01 12.60 32.56 222.20 23.15 6 3
23 24.5 8.01 15.02 22.73 24.88 24.17 8 3
24 20.0 7.98 22.80 14.39 23.19 26.56 8 3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19
Triplicate experimental tanks within each temperature treatment (20 °C and 25 
°C) were randomly assigned one o f four levels o f Sr:Ca corresponding to baseline, 1.2x, 
1.4x. and 1.8x baseline levels, and Ba:Ca corresponding to baseline, 3x, 6x, and lOx 
baseline levels. Mean concentration levels for Cd:Ca over the experiment were baseline,
1.5x, 2x, and 3.5x baseline. After the first three weeks I doubled the spiked levels of 
Cd:Ca due to difficulties maintaining dissolved concentrations in the tanks. Baseline 
concentrations for each element were determined by inductively coupled plasma mass 
spectrometry (ICP-MS) assays o f the experimental artificial seawater, at the correct 
salinity, before the start o f the experiment (Table 1). The spiked waters were prepared by 
adding appropriate amounts o f standard solutions (SPEX) o f SrCli, CdCh, and BaCI? to 
each of the tanks.
Water chemistry
To maintain water quality and spike levels in the tanks, water was changed at 
50% volume daily. Temperature, salinity, and pH were measured throughout the 
experiment and water samples were analyzed from each tank at weekly intervals, 
including the first and last day o f the experiment. Water samples were filtered through a 
0.22 jam cellulose nitrate membrane filter, acidified with trace metal grade 12N HC1 to 
pH 2, and stored frozen acidified for subsequent analysis (Bath et al. 2000). In all data 
analyses, the average o f each tank's six weekly values was used (Table 1).
I encountered two difficulties using artificial seawater in the experiment. First, 
Sr:Ca ratios in the "Instant Ocean" salts that I used were slightly higher (12mmol/mol) 
than those of typical seawater (8.5-9 mmol/mol). Because dilution would only lower
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absolute Sr levels and would not change Sr:Ca ratios in the water I could do little to 
lower this value. Therefore, the highest Sr:Ca values in this experiment were 2.5x that of 
normal seawater. I did not face this problem with baseline and spiked Ba:Ca levels 
which spanned a range (23 -230 nmol/mol) that would commonly be encountered by 
estuarine-dependent fish along the east coast o f the United States (Coffey et al. 1997). 
Cd.Ca levels were higher than those from pristine environments but were possible for 
polluted waters. Second, our decision to increase spiked levels o f Cd half way through 
the experiment, to achieve better separation among treatments, meant that within-tank 
variances of Cd:Ca were considerably higher than for either Sr:Ca or Ba:Ca levels. The 
increased variance in water chemistry was also, in all probability, manifested in 
concomitant within-tank variability in scale Cd.Ca ratios.
Scale collection
One hundred sixty seven fish were used for scale analysis. Scales were removed 
from the entire fish with acid washed glass probes and were washed twice with Milli-Q 
water. The scales were stored dry in acid washed low-density polyethylene vials prior to 
the ICP-MS analyses. To ensure sufficient scale material for trace element analysis, 
scales from individual fish within a tank were pooled into three randomly assigned 
groups and analyzed as a pooled sample. This practice maintained much o f the within- 
tank variance, while still yielding enough scale material to obtain adequate results.
Pooled scale sample weights ranged from 0.4 - 6.5 mg with a mean weight of 1.6 mg. 
Scale analysis
Elemental analyses o f scales were conducted using ICP-MS, with quantification 
using a combination o f isotope dilution (Sr, Cd, and Ba) and internal standardization
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(Ca). Scales were dissolved in high purity nitric acid (Seastar Chemicals Inc.) containing 
enriched isotopes (87Sr, 1 l2Cd, and 137Ba) and an internal standard (45Sc). These isotopes, 
along with 48Ca, 88Sr, 114Cd, and I38Ba, were then monitored in the samples for 
quantification purposes. I confirmed that all isotopes were free o f isobaric interferences 
using high resolution ICP-MS (Thorrold and Shuttleworth 2000). Blank values based on 
analysis o f high purity nitric acid were less than 100 pg/g for Ca, less than 1 pg/g for Sr, 
less than 0.1 pg/g for Cd, and less than 0.05 pg/g for Ba. ICP-MS operating conditions 
are shown in Table 2. Scale samples were blocked by tank so that a sample from each of 
the 24 tanks was assayed in turn. The order o f tanks within each o f the 3 blocks was 
randomized. Elemental concentrations were standardized to Ca because the elements 
examined are likely to substitute for Ca in the bone matrix (van Coillie and Rousseau 
1974; Campana 1999). The incorporation o f Sr, Cd, and Ba ions into the hydroxyapatite 
will be, therefore, dependent upon the ratios o f these elements to Ca in the depositional 
fluid and not the absolute concentration o f the elements themselves.
Data analysis
Least-squares regression was used to evaluate the significance o f  our treatments 
and assimilation relationships. Elemental results from each tank were averaged and used 
in the statistical analyses. Otolith chemistry from the same fish as used in the scale 
analyses were also determined, and reported elsewhere (Bath et al. 2000). I compared the 
chemistry o f scales and otoliths from the juvenile spot using Pearson’s correlation 
analysis after averaging both otolith and scale data across each o f the 24 tanks. Data from 
one tank (temp = 25 °C, Sr = lx , Cd = 3.5x, and Ba = 3x) were removed because o f either
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Make Turner Scientific (Finnegan/MAT)
Model Sola
R. f. power 1500 W
Sample gas flow rate 0.8 mL/min
Nebulizer gas flow rate 0.9 L/min
Auxiliary gas flow rate 1.2 L/min
Coolant flow rate 15 L/min
For the Ca and Sr run:
Detector Multiplier
Channels per atomic mass unit 8
Passes per scan 16
Dwell time 8 ms
Number of scans 1
Resolution 30
For the Cd and Ba run:
Detector Faraday
Channels per atomic mass unit 8
Passes per scan 4
Dwell time 64 ms
Number of scans 5
Resolution 30
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measurement error or sample contamination, reducing the number o f replicates for this 
treatment to two.
Variances in mean concentrations in water and scales among the four Sr:Ca and 
Cd:Ca treatments were equal and values were normally distributed. However, variances 
in the Ba:Ca treatments increased with increasing spike levels, which also appeared to be 
reflected in scale chemistry. Unfortunately natural log transformations o f the data did not 
result in equal variances nor did they improve the distribution o f residuals. Given the 
difficulties generally associated with transformations before regression analyses 
(Underwood 1997), I have presented both linear and curvilinear models for the Ba:Ca 
data.
Results
Juvenile spot collected from the experiment had standard lengths (SL) that ranged 
from 18.0-32.6 mm with an overall mean of 24.2 mm. Standard lengths were similar 
between the temperature groups (/- test; df = 21; P = 0.055; Table 1). While these 
values were on the threshold o f being statistically significant, mean lengths for the 20 °C 
(SL = 24.7 ± 0.3 SE) and 25 °C (SL = 23.5 ± 0.5 SE) treatments were only 1 mm (or 
~5%) different, suggesting that temperature had little measurable effect on fish growth. 
Growth rate differences did not, therefore, contribute significantly to variability in scale 
chemistry between temperature treatments.
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Water chemistry
Results from a fixed factorial analysis o f variance (ANOVA) showed all three 
element:Ca ratios increased significantly with spiking levels (ANOVA; d f = 3, 15; P = 
0.0001; Figure 1). Also, element:Ca ratios were not influenced by temperature (ANOVA; 
d f = 1, 15; P > 0.05).
Trace element incorporation
All three element:Ca concentrations in the scales were significantly correlated 
with ambient levels in the tanks (Figure 2). Results from analysis o f covariance 
(ANCOVA) showed temperature had no influence on the incorporation o f  Sr, Cd, or Ba 
(ANCOVA, df = 1, 20, P > 0.05), and was therefore dropped as a treatment effect in all 
subsequent statistical analyses.
Sr:Ca concentrations in scales ([Sr:Ca]scaie) were significantly correlated with tank 
concentrations ([Sr:Ca]wter), and described by the following least-squares regression 
equation (r2 = 0.81, P = 0.0001):
[Sr:Ca]scaic = 0.16 (± 0.02 SE) [S r rC a ]^  + 0.06 (± 0.29 SE).
The intercept was not significantly different from zero and constraining the line through 
the origin also resulted in a slope o f 0.16. Despite higher variation within individual 
tanks, Cd:Ca ratios in scales were also significantly correlated with Cd:Ca levels in the 
ambient tank waters, albeit with a relatively low coefficient of variation. The least- 
squares linear regression equation for these data (r2 = 0.18, P = 0.0395) was given by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
[Cd:Ca]scaic = 0.44 (± 0.20 SE) [C ^ C a ]* ^  + 18 (± 6 SE).
The intercept o f the line was significantly greater than zero, due, at least in part, to 
increased variability at low Cd:Ca values in both ambient water and scales.
Barium incorporation in scales was highly correlated with ambient Ba levels in 
the tanks. Least-squares regression described a linear relationship between [Ba:Ca]waier 
and [Ba:Ca]scaie O'2 = 0.91, P = 0.0001) and was given by
[Ba:Ca]scaic = 0.20 (± 0.01 SE) [Ba:Ca]w^ r + 11 (± 2 SE).
As with the Cd data, the intercept of the regression line was significantly greater than 
zero. A curvilinear function also fit {r1 = 0.95, P = 0.0001) and was given by
log* [Ba:Ca]scaje = 0.61 (± 0.03 SE) [B a rC a W  + log* (0.69 ±0.14 SE).
The fit o f the curvilinear model (r2 = 0.95) was only slightly better than the linear model 
(r2 = 0.91) and did not improve the distributions o f the model residuals. Therefore, for 
reasons o f parsimony, only the linear function is presented graphically (Figure 2). 
Comparison o f  scale and otolith chemistry
Finally, I correlated Sr:Ca and Ba:Ca ratios in scales with the same ratios 
quantified in otoliths from the same fish, after first averaging data within tanks. The 
Cd:Ca concentrations in many otoliths were below detection limits and therefore could 
not be compared to scale data. Both Sr:Ca and Ba:Ca ratios from scales were highly
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F i g u r e  1. -  The mean water elementrCa concentration o f each tank plotted 
against the treatment concentration groups (± 1 SE) at 20°C (solid circles) and 
25°C (open circles) for Sr:Ca, Cd:Ca, and Ba:Ca. The x-axis shows the four 
different concentration treatments represented as relative multiples o f the baseline 
concentrations.
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F i g u r e  2. -  Mean elementrCa concentrations in the scales from the eight treatment 
groups are plotted against actual element:Ca concentrations in the water (± 1 SE) at 
20°C (solid circles) and 25°C (open circles) for SrrCa, Cd:Ca, and Ba:Ca. Lines 
represent the least-squares regressions.





























F i g u r e  3 . -  A comparison o f the average scale element:Ca concentration from each 
tank to the average otolith elementrCa concentration from the same tank at 20°C (solid 
circles) and 25°C (open circles) for Sr:Ca and Ba:Ca. The dashed line indicates a 1:1 
relationship between scales and otoliths. The average SEs across all tanks within each 
temperature group is shown for otoliths and scales
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correlated with values in otoliths (Figure 3), with correlation coefficients o f 0.91 and 0.94 
respectively. Sr.Ca values were of similar magnitude in scales and otoliths with otoliths 
having only slightly greater concentrations. In contrast, Ba:Ca ratios were approximately 
6-fold higher in scales than in otoliths. Furthermore, the Ba:Ca relationship between 
scales and otoliths was somewhat curvilinear. This indicated that the uptake o f  Ba:Ca in 
scales may be non-linear, especially at the higher temperature treatment.
Discussion
I have shown that SrrCa, CdrCa, and Ba:Ca concentrations in spot scales reflect 
differences in elemental concentrations of the ambient environment. This, in turn, 
indicates that water chemistry is a major determinant o f at least a subset o f the elemental 
composition o f scales. It may, therefore, be possible to reconstruct past environmental 
histories, and in particular, ambient dissolved Sr and Ba concentrations, o f individual fish 
based on geochemical analyses of scales. For instance, movement of fish from marine 
(high Sr, low Ba) waters to estuarine (low Sr, high Ba) should be accurately recorded by 
scale chemistries (e.g. Coutant and Chen 1993). Similarly, these data strengthen our 
conclusion that geographic differences in scale geochemistry o f juvenile weakfish 
(Cynoscion regalis) are a function of exposure to waters with different chemical 
characteristics (Wells et al. 2000b).
Temperature was not important in determining SrrCa, CdrCa, or Ba:Ca ratios in 
scales. While considerable debate continues over the influence of temperature on otolith 
chemistry (Campana 1999), there has been little discussion o f the possible influences of 
temperature on scale chemistry. Bath et al. (2000) found that, unlike scales, Sr:Ca ratios
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in otoliths from the same fish used in the present study were related to temperature. This 
dichotomy may help determine where the temperature effect in otolith Sr.Ca ratios is 
generated. Strontium from the ambient water that is subsequently deposited in scales and 
otoliths is transported to depositional sites by the blood plasma (Takagi et al. 1989;
Kalish 1991). Therefore, any temperature-dependent fractionation between Sr and Ca 
cannot be occurring at the interface between either the branchial or intestinal membrane 
and the ambient water, or within the blood plasma. Fractionation at either o f these 
locations would have resulted in a significant temperature effect on scale Sr:Ca ratios in 
our experiment because scales receive ions directly from the blood plasma (Takagi et al 
1989). It follows that temperature affects Sr:Ca ratios in otoliths either by influencing the 
transfer of Sr across the endolymphatic membrane, or by determining the rate at which Sr 
ions substitute for Ca ions in the aragonite lattice. Nonetheless, reconstruction o f Sr 
concentrations in waters based on scales rather than otoliths has an advantage because 
variations in SrrCa ratios can be attributed unambiguously to differences in water 
chemistry, and not temperature.
The slope o f the relationship between [Sr:Ca]SCaic and [Sr:Ca]water provides an 
estimate of the partition coefficient (£>sr) between ambient water and the scale, where 
[Sr:Ca]scaje = £>sr [Sr:Ca]water with the intercept forced through the origin. I found a 
value of 0.16, which is similar to the value for otoliths from the same fish (£>sr -0 .1 9 , 
Bath et al. 2000). It may be wrong to conclude, however, that Sr has a comparable 
affinity for scale hydroxyapatite and otolith aragonite based on these data. Scale apatite 
incorporates elements directly from the blood plasma while otoliths incorporate elements 
from the endolymphatic fluid. Kalish (1991) noted that Sr.Ca concentrations are, in fact,
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higher in blood plasma than in the endolymphatic fluid. If this were also the case with 
juvenile spot, it follows that Sr substitutes more easily for Ca in otolith aragonite than in 
scale apatite. Given results from a comparison o f Sr.Ca values in scales and otoliths from 
field-caught weakfish which were strikingly similar to comparisons made here Wells et 
al. (2000b) came to the same conclusion.
A rough estimate of the Ba:Ca partition coefficient for scale apatite, based on the 
slope o f the relationship between [Ba:Ca]scaic and [Ba:Ca]waIer, was 0.20. Surprisingly, 
this value is much larger than the otolith partition coefficient (~ 0.06, Bath et al. 2000). 
The absence of any data on Ba levels in the blood plasma or endolymphatic fluid o f fish 
meant I could not determine if the increased affinity for Ba in scales compared to that for 
otoliths was occurring during uptake or transport in the blood plasma, or at the 
depositional surface. The relationship between [Ba:Ca]scaie and [Ba:Ca]Waier was also 
noteworthy because the intercept o f the relationship did not pass through the origin. This 
implies that Ba will be present in the scale even when there is no Ba in the water. 
Although such a result would obviously seem illogical in an inorganic system, fish scales 
contain significant quantities o f protein along with hydroxyapatite, which may also be a 
source o f Ba. The organic component o f scales may have contributed the excess Ba, and 
I suspect that the regression line would have gone through the origin if the protein 
material had been removed before the chemical assays. The alternative hypothesis is that 
the relationship between [Ba:Ca]scaic and [Ba:Ca]water is curvilinear rather than linear, 
since a curvilinear relationship would, by definition, pass through the origin. Although I 
presented the results of a linear regression for easier comparison among earlier studies, 
there was little difference between this relationship and a curvilinear least-squares
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regression. Interestingly, the relationship between otolith and scale Ba:Ca ratios 
appeared to be approaching an asymptote, especially in the 25 °C tanks. However, a 
comparison o f Ba:Ca values in scales and otoliths from weakfish caught at varied 
environments along the U.S. Atlantic coast showed no indication o f being asymptotic 
through the data up to scale values of 300 pmol/mol (Wells et al. 2000b).
While the relationship between [ C d : C a ] s c a i e and [ C d : C a ] w a t e r  was not very precise, 
Cd:Ca ratios were similar in scales and water. This contrasts with otoliths, in which it is 
probably safe to assume that the partition coefficient is somewhat less than 0.0001 
(Campana 1999). It is possible that the endolymphatic fluid does not accumulate Cd ions 
to the same extent as blood plasma -  Campana (1999) reported that Cd concentrations in 
blood plasma may be 3000x that o f the ambient environment. However, this would 
require that the endolymphatic membrane be able to actively discriminate against Cd ions 
when the branchial and intestinal membranes apparently cannot. Alternatively, Cd may 
substitute more easily for Ca in hydroxyapatite than in aragonite. Indeed, Cd:Ca in scales 
can be 35 - 55% that o f Ba:Ca and 22-30% that of Sr:Ca (van Coillie and Rousseau 
1974). The organic component o f the scales may also have contributed to the high total 
Cd levels. This may, in turn, explain the variability in the relationship between 
[ C d : C a ] s c a i e  and [ C d : C a ] w a t e r ,  since it is unlikely that the concentration o f organically- 
bound Cd would be a function o f water chemistry.
The results from this work are limited to nonessential elements that are able to 
substitute for Ca in the hydroxapatite matrix o f scales. Our results will, in all likelihood, 
not apply to physiologically controlled elements (e.g. Na, K, Mg, Cl, P, Cu, and S; 
Campana 1999) as their levels in blood plasma is more a function o f active regulation by
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the fish than it is of environmental concentration. Interestingly, Mugiya et al. (1991) 
found that o f ten elements examined (Al, Cd, Ba, Mn, Fe, Ni, Cu, Zn, Pb, and Sr) in 
scales and otoliths, only Sr and Ba were deposited in proportion to availability in the 
environment for both hardparts.
If scale geochemistry is to be used as a proxy for past environmental conditions, 
material in scales must remain unmodified after deposition. Although otoliths are 
generally considered to be metabolically inert after crystallization, few studies have 
examined the stability of geochemical signatures in scales. There is evidence that scales 
may cease to grow, or even be resorbed, during times of physiological stress (Bilton and 
Robins 1971; Bilton 1975). However, Yamada and Mulligan (1982) reported that 
induced Sr tags in scales remained constant for at least 3 years and suggested that, once 
Sr was incorporated into the scale, it became metabolically inert. Studies o f other 
hydroxyapatite structures have suggested that such metabolic reworking may also be rare, 
at least for those elements commonly assayed in scales (Wells et al. 2000b). For 
instance, Rosenthal (1963) found that Sr in fin rays had a biological half-life of at least 
2.5 years. More recently, Veinott and Evans (1999) noted minor and trace element 
measurements (Mg, Mn, Sr, and Ba) of fin rays made 2 years apart remained highly 
correlated (r values for all elements were > 0.88). Thus while more research is clearly 
needed on the stability o f scale chemistry, it appears that the half-lives o f at least some 
elements in scales may approach those o f the same elements in otoliths.
The use of scales to identify elemental signatures offers certain advantages and 
disadvantages over using elemental signatures in otoliths. Scale analysis offers a non- 
lethal alternative to otoliths, and scales are generally easy to collect, archive and prepare
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for analysis. However, scales are not present on fish during most o f the larval period, and 
therefore are not suited to questions o f larval dispersal (e.g. Swearer et al. 1999). Scales 
are typically more common in sediment cores and institutional collections than otoliths. 
Further, time periods represented by circuli on the scale can be assayed without grinding 
because each circulus is exposed throughout a fish's life. This, in turn, eliminates the 
possibility of contamination from the grinding material.. Although elemental 
concentrations in scales were generally higher than otoliths, I found that elemental 
concentrations in otoliths were more tightly correlated with ambient water chemistry than 
were scales (Bath et al. 2000). Finally, the observations that otoliths are metabolically 
inert, even under extreme stress (Campana and Neilson 1985), suggests that otoliths will 
remain the structure o f choice for elemental and isotopic analyses when available. 
However, providing elemental signatures remain sufficiently stable throughout the fish's 
life, scales may offer a non-lethal alternative for determining retrospective information of 
environmental conditions experienced by individual fish. This information could then be 
used as natural tags o f population structure, habitat use, and migration pathways, in a 
similar way that such information is currently used in otolith studies.
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CHAPTER III
GEOGRAPHIC VARIATION IN TRACE ELEMENT COMPOSITION OF
JUVENILE WEAKFISH SCALES
Introduction
Description of past environments experienced by fish through chemical analyses 
of scales has a long history in fisheries ecology. Early work by Bagenal et al. (1973) 
used SrrCa ratios in scales as a tag o f marine residency in brown trout (Salmo trutta). 
Belanger et al. (1987) showed that poached freshwater striped bass (Morone saxatilis) 
could be identified in the commercial catch by using Sr levels in scales, van Coillie and 
Rousseau (1974) demonstrated that in polluted waters excess metals replaced Ca in the 
scales, and were able to differentiate elemental signatures in scales o f fish from two 
rivers (one polluted and the other not). Yamada and Mulligan (1982, 1987) observed a Sr 
mark in the core of scales from returning coho salmon (Ortcorhynchus kisutch) that were 
tagged while still at the hatchery, thus indicating the elemental tag was identifiable even 
after maturation and migration. Coutant and Chen (1993) examined Sr spikes at the 
primordia of young striped bass scales and suggested that increased Sr levels indicated 
marine parentage or estuarine rearing. These authors suggested that more research using 
Ioci-specific analyses o f trace elements in scales appeared to be warranted based on these 
results.
Recently, the development o f new analytical instrumentation has enhanced the 
information potentially available from calcified structures such as scales. Probe-based
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techniques such as proton-induced x-ray emission (PIXE) and laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) offer the ability to sample specific 
parts of individual scales with limits o f detection less than 100 pg/g (Campana et al. 
1997). In particular, LA-ICP-MS has been used for elemental analysis o f otoliths to 
distinguish stock structure and understand life history (Campana et al. 1994; Fowler et al. 
1995a, 1995b; Geffen et al. 1998), and may have similar applicability to scales. The 
technique is useful for spatial analysis o f trace elements as it combines the low detection 
limits (0.1-0.01 pg/g ; Houk 1986), wide dynamic range (ng/g to %), and isotopic 
discrimination (Henshaw et al. 1989; Colodner et al. 1994) o f conventional ICP-MS with 
spatial resolution o f < 10 pm (Wang et al. 1994).
The objective o f the present study was to quantify trace element signatures in 
scales from juvenile weakfish, Cynoscion regalis, along the Atlantic coast o f the United 
States. I was interested primarily in these signatures as natural tags o f the natal estuary of 
juvenile weakfish. Weakfish have a life history that is well suited for promoting 
differences in elemental signatures in the scale along a geographic range. Adults follow a 
seasonal migration moving south and offshore during the fall and winter, and north and 
inshore during the spring and summer spawning season (Nesbit 1954; Wilk 1979).
Adults spawn along their entire range in estuarine and near-shore waters in the same 
areas used as larval and juvenile nursery grounds. The larvae and juveniles then remain 
in their respective nursery areas through spring and summer by using selective tidal 
stream transport (Rowe and Epifanio 1994), thus reducing any mixing among estuaries.
In the fall juveniles are believed to migrate from estuarine waters to overwintering 
grounds off the North Carolina coast (Wilk 1979). Therefore, trace element signatures in
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scales may be used to identify the estuarine nursery areas and hence to quantify the 
contribution of each estuary to the adult fishery.
Methods
An otter trawl was used to collect weakfish from five estuarine systems from 
Georgia to New York (Figure 4) in 1996 and 1997. Multiple sites within each estuary 
were sampled to quantify within-estuary variation in elemental signatures of the scale. 
The sites were chosen to best represent the estuary and sample sizes were approximately 
equal between sites within the estuaries. All fish were stored on ice in the field and were 
frozen upon arrival in the lab. Otoliths were extracted from each fish for chemical 
analysis (1996 data is presented in Thorrold et al. 1998; 1997 data is unpublished) before 
scales were removed. Sagittal otoliths were removed with glass probes, cleaned with 
Milli-Q water, ultrasonically cleaned for 5 min, rinsed in ultra-pure hydrogen peroxide, 
triple rinsed in Milli-Q water, and air dried. Whole otoliths were then dissolved in 
ultrapure nitric acid for subsequent determination o f element:Ca ratios using isotope 
dilution ICP-MS.
Using glass probes scales were taken, whenever possible, from the caudal region 
and were cleaned of organic material and contaminants in a class-100 clean room. 
Following three to five minutes of sonicating in 3% ultra-pure hydrogen peroxide, scales 
went through two rounds of cleaning with an electric rotary toothbrush and glass probes. 
Cleaned scales were dried with the fibrillary plate down on glass slides. Once scales 
adhered to the slide they were rinsed with Milli-Q water, dried again, and stored on slides 
in conical vials. Scales were removed from slides and placed on mounting tape for laser












F i g u r e  4. -  Five estuaries on the Atlantic Coast were sampled for juvenile weakfish, 
Cynoscion regalis: Doboy Sound, Pamlico Sound, Chesapeake Bay, Delaware Bay, 
and Peconic Bay during July to September 1996 and August to October 1997.
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ablation. All equipment that came directly or indirectly in contact with the scales was 
acid washed.
A preliminary analysis indicated that sonicating scales in 3% ultra-pure hydrogen 
peroxide (adapted from Whaley 1991) reduced the variability in trace element 
concentrations in the scales. Scales from six fish were cleaned with two methods. One 
method included sonicating the scale in 3% hydrogen peroxide followed by two rounds 
of cleaning and the alternative method included two rounds o f  cleaning without 
sonicating the scale. Clean scales were sampled along a transect from the core to the 
anterior margin and values from the transects were averaged. Trace element 
concentrations o f sonicated scales were not significantly different than those which were 
not sonicated (paired /-test, P > 0.05), but B:Ca, MgrCa, Mn:Ca, Zn:Ca, Sn:Ca, Ba:Ca 
and Pb:Ca ratios in scales which were sonicated had on average 52% lower standard 
errors. Additionally, mean counts o f B:Ca, Mg-.Ca. Mn:Ca, Sn.Ca, Ba.Ca, and Pb:Ca 
were 22% lower for sonicated scales. I attribute the reduced variance and mean 
elementrCa counts to a more consistent and efficient removal o f organic debris from the 
scale.
Scale analysis
LA-ICP-MS was used to analyze one scale each from 146 fish in 1996 and 125 
fish in 1997. LA-ICP-MS operating conditions (Table 3) were similar to those in 
Thorrold et al. (1997). To account for instrument drift I assayed NIST 612 standard one 
to three times during each day o f scale ablation. Scales were sampled in blocks o f five 
with one randomly chosen fish from each estuary. Ten isotopes were counted in 1996 
(n B, 25Mg, 48Ca, 55Mn, 63Cu, “ Zn, 88Sr, ll2Cd, 138Ba, and 208Pb) o f which seven were
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T a b l e  3 . -  Operating conditions of the laser ablation inductively coupled plasma 
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above detection limits (25Mg, 48Ca, 55Mn, ^Zn, 88Sr, I38Ba, and 208Pb). In 1997 five 
isotopes were counted (25Mg, 48Ca. 55Mn, 88Sr, and 138Ba). Both ^Z n and 208Pb were 
dropped from the 1997 analyses due to high variances in 1996 samples. Limits of 
detection were calculated as mean blank values plus three standard deviations (N = 333). 
Isotopic counts were converted to elemental intensities by multiplying percent natural 
occurrence o f the isotope. All data were standardized to Ca to account for variability in 
laser energy and the weight o f ablated material. Finally, standardized values were 
converted to molar ratios based on repeated measurements o f  NIST 612 glass that were 
made throughout the scale analysis. Certified values o f each o f the elements in the glass 
were used to calibrate intensities measured by the ICP-MS during the course o f the 
assays.
An area o f approximately 0.3 mm2 was rastered on each scale. The laser ablated 
material from both the osseous layer and the fibrillary plate, starting one to five circuli 
anterior to the primordia and covering approximately 20 — 30 days o f growth toward the 
anterior edge o f the scale. Because first scale growth begins at about 26 days old in 
juvenile weakfish (Szedlmayer et al.1991), the average raster covered the a region that 
corresponded to ages 27-57 days.
To examine elemental variation across scales, five positions on six scales were 
analyzed with the laser from the core to the anterior margin. Three fish (approximately 
55 days old) were used from both Georgia and Chesapeake Bay to ensure that any trends 
could not be attributed to site-specific environmental variation. Seven isotopes were 
quantified (25Mg, 48Ca, 55Mn, ^Zn, 88Sr, I38Ba, and 208Pb) and then converted to
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elemental counts by multiplying by the percentage of natural abundance. Counts were 
then standardized to Ca.
Data analysis
A mixed model analysis of variance (ANOVA) was used to test for statistically 
significant differences in trace element concentrations among and within estuaries, and 
between years. Within-estuary differences were accounted for by nesting sites (random 
term) within estuarine locations (fixed term). Residual analysis was used to test for 
assumptions of homogeneity of variances and normal distribution o f errors (Winer 1971). 
To meet these assumptions it was necessary to loge transform Ba:Ca and Mn:Ca ratios. 
Additionally, the elements were entered into a MANOVA and canonical discriminant 
analysis (CDA, CANDISC procedure o f SAS) to characterize the multivariate elemental 
signatures of the scales. I assumed that the compliance of the univariate data with 
ANOVA assumptions meant that the MANOVA assumptions (equal variance-covariance 
matrices and multivariate normality o f errors) were also met. Bootstrapped 95% 
confidence ellipses (1000 iterations) were calculated around the class means o f the first 
two canonical variates to determine where the significant differences among estuaries 
detected by MANOVA were located. Finally, linear discriminant function analysis 
(LDFA, DISCRIM procedure of SAS) was used to quantify the accuracy o f classification 
o f individuals to their nursery grounds based on the elemental signatures o f the scales.
The cross-validation algorithm in the SAS Inst. (1989) DISCRIM procedure, which uses 
a jack-knife technique, was used to determine classification accuracy.
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Results
Juvenile weakfish collected throughout the sampling locations ranged in size from 
approximately 30 to 125 mm SL (Table 4). There were no significant differences in 
standard length among estuaries, although there were significant differences among sites 
within estuaries (Table 5). Regression analysis found no significant relationship between 
any element:Ca ratios and standard length in either 1996 or 1997. Finally, I examined 
patterns of variation in the elemental composition along transects from the center to the 
edge of scales from Doboy Sound and Chesapeake Bay. A repeated measures ANOVA 
showed no significant trends in MgrCa, Ba:Ca or Sr:Ca across the transect from the scale 
center to the anterior margin (ANOVA; d f = 4,1; P>  0.10 for each variable). However. 
Mn:Ca varied significantly across the transect (ANOVA; df = 4, 1; Transect Location P 
= 0.0013). Scales from Doboy Sound fish had higher MnrCa concentrations at the 
second transect position from the center (approximately 35 days old) while Chesapeake 
Bay scales showed no trend (ANOVA; d f = 4,1; Transect Location*Estuary P = 0.0019). 
Trace element analysis
Analysis of variance found significant differences in Mg:Ca and Mn:Ca ratios 
among sites within estuaries, among estuaries, and between years (Figure 5; Table 6).
The estuary*year interaction was non-significant for both elements. Unplanned 
comparisons among estuaries using Duncan’s multiple range test found that these 
differences were relatively subtle (Table 6). In fact, the more conservative Tukey's test 
results showed no separation between estuaries for MgrCa. The ANOVA for both SnCa 
and Ba:Ca ratios found significant differences among estuaries and between years. In
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T a b l e  4. -  Sample collection dates, sample sizes, mean standard lengths (SL), 
and standard errors (SE) for juvenile weakfish in 1996 and 1997.
Estuary Date Collected N Mean SL SE
Doboy Sound July 16-17,1996 30 79.1 3.80
Aug. 18, 1997 22 64.7 2.85
Pamlico Sound July 30-Aug. 1,1996 28 68.2 4.20
Aug. 20-21, 1997 29 59.9 3.12
Chesapeake Bay July 10, 1996 29 60.2 2.20
Aug 6 - Sept. 10, 1997 27 65.6 1.75
Delaware Bay Sept. 20, 1996 29 82.3 4.51
Oct. 14-31. 1997 28 66.6 4.17
Peconic Bay July 8, 1996 30 67.6 1.63
Aug 11-25. 1997 19 55.7 3.82
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T a b l e  5 . -  Analysis o f variance table demonstrating that there is no significant 
difference in standard length between the samples from the five estuaries. Note 
that the denominator for the estuary F  approximation is the site(estuary) term, 
whereas the error term is the denominator in all other F  approximations.
Source Mean Sq. F Num. df P
Year 5098.52 17.88 1 0.0001
Estuary 2368.43 2.07 4 0.1775
Year* estuary 993.81 3.48 4 0.0086
Site(estuary) 1146.22 4.02 8 0.0002
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both cases the estuary*year interaction was also significant, indicating that the two 
effects were not independent. A plot of mean values for each estuary in 1996 and 1997 
showed, however, that the patterns among estuaries were reasonably consistent between 
years for both elements (Figure 6). Pamlico Sound showed the lowest Sr:Ca ratios in 
both years, with little difference between the other four estuaries.
Analysis o f the multivariate trace element signatures generally confirmed the 
results from the individual ANOVA (Table 7). The presence o f a significant 
year*estuary interaction meant, however, that further analyses of the multivariate 
signatures had to be conducted separately for each year. Differences among estuaries 
were visualized using canonical variate analysis (CDA). For 1996, bootstrapped 95% 
confidence ellipses around class means on the first two canonical variates overlapped for 
Doboy Sound and Delaware Bay but not for the remaining three estuaries (Figure 7). 
Confidence ellipses for all five estuaries were clearly separated in 1997. Although, as 
noted earlier, a significant estuary*year interaction was present in the MANOVA, the 
results of the CDA analysis for the two years were quite similar. In 1996, Peconic Bay 
and Pamlico Sound separated from the other estuaries on the first canonical variate (CV1) 
and from each other on the second canonical variate (CV2). Also in 1996, Doboy Sound, 
Chesapeake Bay, and Delaware Bay formed a grouping with little separation on C V 1 but 
Chesapeake Bay separated from the other two on CV2. In 1997, Pamlico Sound 
separated from all the other estuaries on CV1. Peconic Bay and Chesapeake Bay
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T a b l e  6. -  Individual analysis of variance (ANOVA) tables for each element 
quantified in juvenile weakfish scales from estuaries along the U.S. Atlantic coast that 
was used in the multiple ANOVA. Note that the denominator for the estuary F  
approximation is the site(estuary) term, whereas the error term in the denominator in all 
other F  approximations. Unplanned Duncan's multiple-range tests (DMR) were used to 
determine significant estuary differences for MgrCa and MnrCa concentrations, the 
error term for all significance tests was the site(estuary) error term. The multiple-range 
test was done using log-transformed MnrCa values, as was the case for ANOVA; 
however, actual mean values are shown in table results, and log-transformed values are 
in parentheses. Means for both MgrCa and MnrCa concentrations are in mmol/mol. 
Estuary abbreviations are as followsr DS, Doboy Sound; PA, Pamlico Sound; CB, 
Chesapeake Bay; DE, Delaware Bay; and GP, Peconic Bay. Values for mean 
concentration without letter in common are significantly different (P < 0.05).
ElementrCa Source Mean Square F Numerator d f P
MgrCa Year 25996.45 60.74 1 0.0001
Estuary 4910.48 4.74 4 0.0296
Year* estuary 892.42 2.09 4 0.0832
Site(estuary) 1036.47 2.42 8 0.0155
DMR DE GP DS CB PA
Mean Cone. 85.25 z 84.17 z 78.86 zy 71.42 zy 67.03 y
MnrCa Year 25.10 113.30 1 0.0001
Estuary 9.1388 8.11 4 0.0064
Year’ estuary 0.4403 1.99 4 0.0969
Site(estuary) 1.1263 5.08 8 0.0001
DMR GP PA CB DE DS
Mean Cone. 1.62 z 1.20 zv 1.13 zy 0.76 yx 0.50 x
(0-37) (-0.03) (-0.09) (-0.44) (-0.84)
SrrCa Year 0.5307 11.54 1 0.0008
estuary 1.4327 6.76 4 0.0111
Year’estuary 0.1310 2.85 4 0.0245
Site(estuary) 0.2120 4.61 8 0.0001
BarCa Year 0.8323 3.58 1 0.0597
Estuary 10.8311 17.92 4 0.0005
Year’estuary 1.5042 6.46 4 0.0001
Site(estuary) 0.6044 2.60 8 0.0096
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T a b l e  7 . -  Results from multivariate analysis o f variance o f elementsrCa 
quantified in juvenile weakfish scales from estuaries along the U.S. Atlantic coast; 
Mg:Ca, Mn:Ca, Sr:Ca, and Ba:Ca were dependent variables. All significance tests 
used Pillai's trace statistic. Note, that the denominator for the estuary F  
approximation is the site(estuary) term, whereas the error term is the denominator 
in all other F  approximations.
Source Value F Numerator df Denominator d f P
Year 0.4890 59.81 4 250 0.0001
Estuary 2.6576 3.96 16 32 0.0005
Year’ estuary 0.2502 4.22 16 1012 0.0001
Site(estuary) 0.4104 3.62 32 1012 0.0001
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F ig u r e  5. — Mean concentrations of four element:Ca ratios (+1 SE) for sites 
within Doboy Sound (DS), Pamlico Sound (PA), Chesapeake Bay (CB), Delaware 
Bay (DE), and Peconic Bay (GP) in 1996 and 1997.





















F ig u r e  6 . — Mean concentrations o f Sr:Ca and Ba:Ca (±1 SE) for Doboy Sound (DS), 
Pamlico Sound (PA), Chesapeake Bay (CB), Delaware Bay (DE), and Peconic Bay 
(GP) in 1996 (solid circles) and 1997 (open circles).
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F ig u r e  7. -  Plot o f canonical variates one and two, summarizing multivariate 
separation of scale elemental signatures from juvenile Cynoscion regal is from Peconic 
Bay (open squares), Delaware Bay (open circles), Chesapeake Bay (filled circles), 
Pamlico Sound (open triangles) Doboy Sound (filled inverse triangles) in 1996 and 
1997. Ellipses represent bootstrapped 95% confidence areas around estuary means for 
each variate.
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separated from one another slightly but significantly on CV1. Delaware Bay and Doboy 
Sound separated each other and from Peconic Bay and Chesapeake Bay on CV2. 
Canonical coefficients from CV1 in 1996 contrasted Mn:Ca concentrations (positive 
value) with Ba:Ca (negative value) and contrasted Mn:Ca concentrations (negative 
value) with Ba:Ca and Sr:Ca concentrations (positive value) in 1997. In both years 
canonical coefficients from CV2 were positive for each of the four elements, indicating 
that all four variables increased positively along this axis.
Linear discriminant function analysis (LDFA) was used to determine if the 
differences in elemental signatures among estuaries were sufficient to classify individuals 
accurately to their respective natal estuaries. In 1996 classification accuracy using the 
cross-validation approach ranged from 38%, for fish from Delaware Bay, to 86%. for 
individuals from Pamlico Sound, with a total accuracy o f  67% (Table 8). In 1997 
classification accuracy using the cross-validation approach ranged from 41%, for fish 
from Chesapeake Bay, to 83% for individuals from Pamlico Sound, with a total accuracy 
of 65% (Table 8). Finally, LDFA was used to determine if  trace element signatures from 
one year were sufficient to classify accurately individuals from the other year to their 
respective natal estuaries. The LDFA from 1996 accurately classified approximately 
46% of 1997 fish, but only 34% o f the fish from 1996 were accurately classified using 
1997 fish (Table 9). Classification accuracy ranged from 11% for Doboy Sound to 95% 
for Peconic Bay using the 1996 to classify 1997 fish and from 7% for Chesapeake Bay 
and Peconic Bay to 93% for Doboy Sound using the 1997 to classify 1996 fish (Table 9).
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T a b l e  8. -  Results of linear discriminant function analysis (LDFA) for classifying 
juvenile weakfish to natal estuary based on trace element signatures in scales.
Values indicate cross-validation accuracy (%) with MgrCa, MnrCa, SrrCa, and BarCa 
as dependent variables. Samples came from Doboy Sound (DS), Pamlico Sound 
(PA), Chesapeake Bay (CB), Delaware Bay (DE) and Peconic Bay (GP).
Sample
source Procedure DS PA CB DE GP
DS (V =30) LDFA
1996
67
cross-validation accuracy (%) 
3 10 20 0
PA (N = 28) LDFA 0 86 4 0 11
CB (jV = 29) LDFA 10 3 72 3 10
DE (N = 29) LDFA 31 14 14 38 3
GP (Ar= 30) LDFA 0 10 13 3 73
1997 cross-validation accuracy (%)
DS (Ar = 22) LDFA 73 0 0 22 5
PA (JV= 29) LDFA 7 83 0 7 j
CB 0V = 27) LDFA 11 4 41 19 26
DE (jV= 28) LDFA 4 14 29 54 0
GP(A '= 19) LDFA 0 11 11 6 72
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T a b l e  9 . -  Results o f  LDFA analysis classifying juvenile weakfish to natal estuary 
based on trace element signatures in scales. A model parameterized with data from 
1 9 9 6  was used to classify fish collected in 1997, and a model parameterized with data 
f ro m  1997 was used to classify fish collected in 1996. Values indicate accuracy (%) 
with Mg:Ca, Mn:Ca, Sr:Ca, and Ba:Ca as dependent variables. Samples came from 
Doboy Sound (DS), Pamlico Sound (PA), Chesapeake Bay (CB), Delaware Bay (DE) 





(Classified year) DS PA CB DE GP
DS 96(97) 11 7 21 29 32
97(96) 93 0 7 0 0
PA 96(97) 0 66 0 0 34
97(96) 32 61 0 7 0
CB 96(97) 0 4 36 32 28
97(96) 83 7 7 0 3
DE 96(97) 0 3 7 23 67
97(96) 83 14 0 0
GP 96(97) 0 5 0 10 95
97(96) 63 7 0 23 7
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Trace element concentrations in scales and otoliths were compared by averaging 
trace element data from fish within a site, and then calculating Pearson’s correlation 
coefficients between these mean site values. Scales generally had higher levels o f trace 
elements than otoliths, although the magnitude o f the difference was element-specific. 
For instance, Ba:Ca ratios in scales were approximately three times higher than in 
otoliths, while MgrCa ratios in scales were over two orders o f magnitude higher than in 
otoliths (Figure 8). The one exception to this trend was SrrCa ratios, which were slightly 
higher in otoliths than in scales. Despite large differences in magnitude, data from scales 
and otoliths were highly correlated for three of the four elements. Correlation 
coefficients for MnrCa (r = 0.66. N=  22, P = 0.0009). SrrCa (r = 0.72, N=  22. P = 
0.0002), and BarCa ratios (r = 0.89, jV = 22, P = 0.0001) were all highly significant. 
There was no apparent relationship between scales and otoliths for MgrCa ratios among 
years — indeed, there was evidence that the two were negatively correlated in 1996 (r = - 
0.82, N= \2, P = 0.0011), although in 1997 the data were positively, although not 
significantly, correlated (r = 0.42, N=  10. P = 0.2241). Correlations between elemental 
concentrations in scales and otoliths of individual fish were also significant. Correlation 
coefficients for MnrCa (r = 0.55, N=  253, P = 0.0001), SrrCa (r = 0.59, N=  253, P = 
0.0001), and BarCa ratios (r = 0.72, N=  253, P = 0.0001) were all highly significant. In 
1996 MgrCa ratios between scales and otoliths was negatively correlated (r = -0.39, N  = 
134, P = 0.0001) and in 1997 they were no significant relationship (r = -0.01, N =  119, P  
= 0.8728). Because different time periods were sampled for scales and otoliths, with
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scales representing a shorter duration, correlation coefficients calculated for individual 
fish were lower than when element concentrations were averaged over sites.
Discussion
Trace element signatures in scales of juvenile weakfish showed significant 
variability within and among estuaries, and between years. Further, despite the among- 
site variation, signatures were sufficiently distinct to allow individual fish to be classified 
to natal estuary with approximately 65-67% accuracy. Although error rates are probably 
too high for adults to be classified to estuarine nursery areas individually, this level of 
accuracy is often sufficient to allow the estimation o f stock proportions in mixed 
populations. For instance, Beacham et al. (1996) demonstrated that stock composition 
could be accurately estimated with an individual classification accuracy o f 65% using 
maximum likelihood techniques (e.g. Fournier et al. 1984). A significant disadvantage of 
the scale chemistry technique is that, unlike genetic approaches, significant inter-annual 
variability in the trace element signatures implies that a continual monitoring program 
from year to year would be necessary to examine multiple cohorts in a population.
Chemical analyses o f calcified structures in fish have concentrated recently, if not 
historically, on otoliths (e.g. Campana et al. 1997; Thorrold et al. 1998). In general, 
however, trace element concentrations are higher in biogenic apatites such as bone 
(Hamada et al. 1995), opercula (Moreau et al. 1983) and scales (Moreau et al. 1983; 
Pender and Griffin 1996) than in biogenic aragonite such as otoliths (Campana and 
Gagne 1994). In this study, I found that three o f the four elements assayed (Mg, Mn and 
Ba) had considerably higher concentrations in scales than otoliths. Trace element
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F ig u r e  8. -  A comparison o f mean scale eIement:Ca concentrations to mean otolith 
concentrations (±1 SE) for each site sampled in 1996 (solid circles) and 1997 (open 
circles). The dashed line indicates 1:1 relationship between otoliths and scales.
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concentrations in biogenic hydroxyapatite can, however, vary greatly. For instance, Mn 
concentrations in tooth enamel and mammalian and avian bone range from far below 
scale and otolith concentrations (Losee et al. 1974; Hamada et al. 1995) to double the 
concentration in otoliths (Lane and Peach 1997). More importantly in the context o f the 
present study, synthetic and biological apatite trace element concentrations are positively 
correlated to the environmental concentrations in which they crystallize (Legeros et al.
1977). Trace element concentrations in the scale apatite, therefore, reflect those in the 
blood plasma (Takagi et al. 1989; Bereiter-Hahn and Zylberberg 1993). Otolith aragonite 
is precipitated from endolymphatic fluid in the sacculus which also receives Ca and other 
elements from the blood plasma (Kalish 1991). The high correlations between Mn:Ca, 
Sr.Ca and Ba:Ca ratios in scales and otoliths suggest that both are recording changes in 
blood plasma chemistry similarly, albeit at different absolute levels. The degree to which 
the blood plasma tracks changes in the trace element chemistry o f the environment will, 
in turn, determine the degree to which trace element chemistry in either scales or otoliths 
is reflective o f environmental conditions experienced by individual fish.
The Sr:Ca ratios in scales were comparable to levels in otoliths. Sr substitutes for 
Ca in apatite and aragonite in an amount relative to the concentration of the environment 
in which crystallization occurs (Legeros et al. 1977; Kalish 1991). Scale apatite 
incorporates elements from the blood plasma while otoliths incorporate elements from 
the endolymphatice fluid. Given that Sr:Ca concentrations are higher in the plasma than 
in the endolymph (Kalish 1991) it follows that Sr must substitute for Ca more easily in 
otolith aragonite than in scale apatite. In all, these data suggest that Sr incorporation into
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scales and otoliths is in proportion to levels in the environment, although the Sr 
distribution coefficient for otolith aragonite appears to be larger than for scale apatite.
There is some evidence that the elemental composition o f scales, unlike that o f 
otoliths, may change through time. This is primarily due to the multi-layer structure of 
scales. Scales consist o f a distal layer, composed of an organic framework impregnated 
with hydroxyapatite (van Oosten 1957; Hamada and Mikuni 1990) and a proximal layer 
that is an uncalcified fibrillary plate (van Oosten 1957; Fouda 1979). An osseous layer is 
also formed at the margin where a framework of collagen is built and subsequently 
crystallized with hydroxyapatite (van Oosten 1957; Fouda 1979; Hamada and Mikuni 
1990). Elemental concentrations in a given area of a scale change due to increasing 
calcification of hydroxyapatite in the osseous layer through time. For instance, the ratio 
of Mg and P to Ca in hydroxyapatite crystals typically decreases through the life o f an 
individual scale (Fouda 1979; Burnell et al. 1980; Gedalia et al. 1982; Bigi et al. 1992; 
Aoba et al. 1992). Scales are also often lost and regenerated so complete time periods 
can be missing. During times o f physiological stress scales may cease to grow (Bilton 
and Robins 1971) or may even be resorbed (Bilton 1975). Clearly, caution must be taken 
before using scales exclusively to describe population patterns and movements as any 
site-specific tags may be altered after fish leave their natal estuary. Future research will 
address the question o f tag stability by comparing trace element signatures from scale and 
otolith cores of adult weakfish.
The use o f scales to identify nursery-specific elemental signatures does offer 
advantages over using those in otoliths. Scale collection is a non-lethal alternative to 
otoliths, which is beneficial for rare or endangered fishes and regulated species with catch
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restrictions such as weakfish. Scales are also easy to collect and prepare for analysis. 
Further, each time period represented on the scale can be assayed without grinding 
because scale growth is at the margin and each circulus is exposed throughout life. This, 
in turn, eliminates the possibility o f contamination from the grinding material. The 
elements I chose for analysis were bone loving and have little presence in the fibrillary 
plate, however, analysis o f scales from the adult population should be restricted to a 
shallow depth into the scale. Also, elemental concentrations in scales were generally 
higher than in otoliths which reduces counting errors and increases precision in the ICP- 
MS analyses, especially for those elements in otoliths that are near limits-of-detection of 
the instrument in otoliths (Campana et al. 1997).
I have demonstrated that scales can be analyzed with LA-ICP-MS to determine 
nursery-specific elemental signatures. This method is comparable to elemental analysis of 
otoliths in juveniles. In the future I will evaluate the stability o f the tag as the scale 
grows. It may be possible to offer a non-lethal method of determining natal estuary 
identification through the life of the fish.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
CHAPTER IV
EVALUATION OF SCALE CHEMISTRY STABILITY FOR A 
MIGRATORY FISH
Introduction
Measures o f growth, survival, and reproduction can be different between stocks of 
the same species and when this occurs stocks must be discriminated and managed as 
independent units (Campana and Casselman 1993; Ruzzante et al. 1996). Identification 
of individual stocks in the population is necessary to assess the recruitment success, 
importance of individual spawning stocks and nursery areas, and exploitation rates for 
each stock. With this knowledge, management practices can be initiated that maintain 
stock variability. Without the proper management, however, those stocks most sensitive 
to fishing pressure will suffer detrimental effects within mixed-stock fisheries (Ruzzante 
et al. 1996) such as restricted genetic variation, range alteration, and reduced fecundity. 
Beyond the implications to fisheries, the determination o f stock structure within a 
population can be used to understand dispersal, population ecology, and metapopulation 
structure of a species (Thorrold et al. 1997). It is the purpose o f this research to determine 
if scale chemistry is stable and can be used to estimate the proportion of adult fish from 
each natal estuary.
Hardpart chemistry is becoming more commonly used to identify natal origins 
(e.g. Pender and Griffin 1996; Campana 1999). These methods are specifically important 
in cases such as weakfish (Cynoscion regalis) for which analysis o f allozyme, mtDNA, 
and microsatelite DNA have failed to distinguish separate stocks. Indeed, methods based
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on genetics are dependent on the long-term effects o f  complete or nearly complete 
separation, whereas hardpart chemistry relies on differences in the environment (Wells et 
al. 2000a; Bath et al. 2000) and identifying representative differences in fish hardparts at 
a given age and location. Obviously, otolith methods are lethal, require mutilation o f  the 
catch, and are not well represented in historic collections. Also, regulated fishes are often 
released, fishers are reluctant to allow the dissection o f  their catch, and typically archival 
collections are made up o f scales not otoliths. Of course, hardpart chemistry can only 
give information about current population structure, whereas, genetics offers a historical 
picture.
Elemental signatures quantified from juvenile weakfish scales based on Mg:Ca. 
Sr:Ca, Mn:Ca, and Ba:Ca were sufficient to classify individual juveniles to their natal 
estuaries with 65% accuracy using linear discriminant function analysis (LDFA; Wells et 
al. 2000b). By identifying these same signatures at the scale core, adults could 
potentially be allocated to their natal estuaries. Better, I use a maximum likelihood (ML) 
procedure to determine the contribution of each natal estuary to the adult sample. Using 
ML, chum salmon (Oncorhynchus kef a, Fournier 1984), sockeye salmon (Oncorhynchus 
nerka\ Wood et al. 1989), chinook salmon (Oncorhynchus tshawytscha, Millar 1990) 
stock compositions have been evaluated. In each case, genetics, morphometries, and/or 
meristics were used as distinguishing features of the stocks. This is the first study to use 
ML procedures to examine stock composition using elemental signatures in scales.
The degree o f  usefulness of scale chemistry is dependent on the relative stability 
of the elemental signatures to the age when determination o f natal estuary is desired.
While the otolith is considered to be stable (Campana 1999), scale chemistry has not been
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properly tested. During times of increased calcium demand or depletion scales are 
vulnerable to resorbtion (Bilton 1975). Such times include migration, spawning, and 
fasting (Bilton and Robins 1971; Bilton 1975). Further, scales may continue to 
crystallize after circuli are initially formed (Fouda 1979). To examine the stability o f the 
elemental signature described on the scales of juvenile weakfish through maturation, I 
considered the otolith tag to be stable over time and compared the signature at the core of 
the scale to that at the otolith core from the same individual fish. Previous studies 
support that scale and otolith elemental signatures are highly correlated in juveniles 
(Wells et al. 2000a, 2000b). Correlation between scales and otolith will be evaluated 
through maturation.
I wall evaluate the classification o f juveniles (LDFA) using both scale and otolith 
chemistries. This comparison will show the baseline variation between the two methods 
as the true natal estuaries are known. Following, I will examine the individual allocations 
(LDFA) estimated from scale and otolith chemistries. Finally, scale and otolith 
chemistries will be used to determine the natal-estuary contribution to a sample o f adults 
and the estimated proportional contribution by each hardpart will be compared. The ML 
procedure will be used for this comparison.
Methods
Quantification o f  the natal-estuary elemental signatures
Elemental signatures in scales and otoliths were quantified for juvenile weakfish 
from five estuaries along the Atlantic coast (Doboy Sound, Pamlico Sound, Chesapeake 
Bay, Delaware Bay, and Peconic Bay) representing the 1996 and 1997 cohorts (Thorrold
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et al. 1998; Wells et al. 2000b). One nonregenerated scale from each fish was cleaned 
before examination with laser ablation inductively coupled mass spectrometry (LA-ICP- 
MS; Wells et al 2000b). One otolith from each fish was also cleaned o f contaminants and 
analyzed using isotope dilution ICP-MS following methods in Thorrold et al. (1998). In
1996, 146 juveniles were examined for scale chemistry and 274 for otolith chemistry. In
1997. 125 juveniles were examined for scale chemistry and 397 for otolith chemistry. 
Both scale and otolith chemistry were examined for 118 fish in 1996 and 125 fish in 
1997.
Adult data collection
Collections o f adults were made June trough September 1998 from the Pamlico 
Sound (long-haul seine), Chesapeake Bay (pound net), and Delaware Bay (10m otter 
trawl). Fish 18 cm to 36 cm total length were targeted as they represented a large portion 
o f the 1- and 2-year-old fish (Lowerre-Barbieri 1995). Using a stainless steel knife scales 
and otoliths were removed from each fish. Also, ovaries were preserved in 10% 
formalin, soaked for 24 hours in tap water and stored in 70% ethanol. Ovarian sections 
were then embedded in paraffin, sectioned to 5 pm, and stained with hematoxylin and 
eosin Y for reproductive staging. Ages were determined using otoliths (Lowerre-Barbieri 
et al. 1994).
Scales and otoliths from adults were prepared for trace element analysis. Scales 
were sonicated for five minutes in 3% ultra-pure hydrogen peroxide followed by two 
rounds of washing with an acid-washed electric rotary toothbrush and Milli-Q water. 
Scales were secured on petrographic slides with mounting tape for analysis with LA-ICP- 
MS. To expose otolith core material for both ageing and chemical analysis, sections (~
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500 (am) were taken using a diamond blade on a low-speed isomet saw with deionized 
water as a coolant. Otolith sections were mounted on petrographic slides with krazy® 
glue and were polished with aluminum oxide paper to make the juvenile growth period 
visually apparent and provide a smooth surface for laser ablation. Mounted otoliths were 
triple rinsed with Milli-Q water, scrubbed with an acid-washed nylon bristle brush, 
sonicated in Milli-Q water for five minutes, rinsed with dilute ultrapure nitric acid, triple 
rinsed with Milli-Q water, and dried under a laminar flow fume hood and stored in plastic 
bags until analysis with LA-ICP-MS.
Chemical Analysis
Laser ablation sector field ICP-MS was used to analyze scales and otoliths (Table 
10; Thorrold and Shuttleworth 2000). Ablated scale material was swept with helium into 
an aspirated standard solution and the combined material was analyzed. This procedure 
alleviated the need for matrix matching with reference standards and took advantage o f 
the more precise solution-based methods (Campana 1999). A 0.3 mm2 raster was ablated 
from the scale core toward the posterior edge. The depth o f the raster typically did not 
penetrate the full thickness o f the scale. A raster covering an area representing a slightly 
greater range of growth was ablated for each otolith using similar ICP-MS conditions.
Five isotopes were quantified in both scales and otoliths (25Mg, 48Ca, 55Mn, 86Sr, and
138Ba). Limits of detection were calculated as mean blank values plus three standard 
deviations. Isotopic counts were converted to elemental intensities by multiplying
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T a b l e  10. -  Operating conditions of the sector field inductively coupled 
plasma mass spectrometry system (ICP-MS) used for analysis of weakfish scales 
and otoliths in this study.
ICP-MS
Model Finnigan MAT Element2
R.f. power 1200W
Coolant gas flow rate (Ar) 13.4 L/min
Auxilary gas flow (Ar) 0.65 L/min
Carrier gas flow (He) 0.4 L/min
Time o f analysis ~  2 min/sample
Laser probe
Laser type Nd: YAG pulse
Frequency 266 nm
Repetition rate 2 Hz
Scan speed 50 pm/s
Spot size_____________________________40 pm_________
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percent natural occurrence o f the isotopes. All data were standardized to Ca to account 
for variability in laser energy and weight o f ablated material. Finally, standardized 
values were converted to molar ratios. Both scales and otoliths were analyzed in blocks 
of six with one randomly chosen fish from each estuary and each age.
Data analysis
Stability of the elemental signature at the scale core through maturation was 
evaluated relative to the otolith. Values o f SrrCa, Ba:Ca and Mn:Ca in the scales of 
juveniles were significantly correlated to the elemental concentrations in the otoliths from 
the same fish (r = 0.59,0.72 and 0.55 respectively; Wells et al. 2000b). Magnesium:Ca 
values were not significantly correlated. In this study, correlations o f raw element:Ca 
concentrations at the core o f scales and otoliths were compared for 1- and 2-year-old fish 
from the 1997 and 1996 cohorts. Also, using LDFA individual juveniles were classified 
to their natal estuaries with scale chemistry and the similarity o f classifications was 
compared to classifications from otolith chemistry. This comparison estimated the 
amount o f baseline variation before any change to the signatures was possible. This 
analysis was an extension o f that in Wells et al (2000b). Finally, once the scale data were 
transformed to meet statistical assumptions and the data were rescaled, the proportion of 
the 1- and 2-year-old fish from each natal estuary was estimated with ML using scale and 
otolith data from juvenile and adult fish for which both scale and otolith chemistry had 
been evaluated. Mg:Ca, Sr:Ca, Ba:Ca, and Mn:Ca values were used to define the 
elemental signatures. Confidence limits were placed around the estimated differences in 
natal contributions by bootstrapping adult samples 1000 times.
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Before determining the contribution o f each natal estuary to the adult sample the 
elemental data were transformed and standardized. Residual analysis was used to test 
assumptions of homogeneity o f variances and normality for the elemental data from 
juveniles (Winer 1997). To meet these assumptions it was necessary to loge transform 
Ba:Ca and Mn:Ca ratios for the juvenile scale data (Wells et al. 2000b) and, therefore, 
concentrations from the adults were also transformed before the mixed-origin 
compositions and associated errors were estimated. All assumptions were met for otolith 
data (Thorrold et al. 1998). After transforming the data to meet statistical assumptions, 
the element:Ca concentrations in scales and otoliths from juveniles and adults were 
standardized [(xk - xkbar)/ sdk] before estimating natal origins of the adults. Specifically, 
juveniles from 1996 and 1997 cohorts were scaled independently as were 1- and 2-year- 
old fish. This practice accounted for possible differences due to ICP-MS techniques and 
for apparent differences in absolute element:Ca concentrations between the age groups.
The mixed-origin composition of adults was estimated with a ML procedure 
developed by D. Naik (Old Dominion University, Department o f Mathematics and 
Statistics, Appendix 1) using SAS's interactive matrix language (SAS/IML, SAS 1989). 
Elemental signatures in the scales and otoliths o f juvenile weakfish from known origin 
were used as a reference set representing elemental signatures from the five examined 
estuaries. Using the reference set, parameters of the prior probability distribution were 
estimated and with these values individuals from the adult set were assigned posterior 
probabilities of having come from each o f the five represented natal estuaries. Following 
the classification o f the adult set, ML estimates for the prior probability distributions 
were recalculated using data from both the reference set and the classified adult set.
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Individuals from the adult set were then again assigned posterior probabilities o f having 
come from each of the natal estuaries based on the recalculated ML values for the 
discriminant function. This iterative procedure o f classification followed by recalculation 
o f the prior probability distribution for the discriminant function continued until the 
difference between the classification results of the current run and the previous run was 
less than 10"\ Using a data set with unknown composition to build a more powerful 
discriminant function was a novel approach different from other reported methods (e.g. - 
Fournier etal 1984; Millar 1987).
First, before actually using ML on the adult data set, I estimated how robust the 
ML procedure was to my data. Error in allocation was evaluated with simulations on the 
juvenile data sets. By doing these simulations, I could evaluate the effect o f  variation in 
the reference set and adult set. Using scale data from juveniles, reference and test sets for 
each cohort were generated from each cohort's data set by removing the estuary identifier 
from 10, 20, 30, 40, 50, and 60% of the observations. In doing this, test sets were 
randomly selected without replacement and the remaining observations were used as a 
reference set. Sampling without replacement ensured that there were no common 
observations in the test and reference sets. With such a small data set this was important. 
Further, because my data sets were small, confidence limits for the error were 
conservative. For instance, it was possible that fish important to defining the estuary- 
specific signatures were removed from the reference set. Error in estimation o f the 
composition of the test set was determined as the average of 1000 random samples. 
Further, using scale data sets, I simulated the possible situation in which one o f the natal 
estuaries was not represented in the test set and the rather extreme case in which the
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mixed population was made up entirely o f individuals from one natal estuary. For these 
simulations an initial random selection o f 40% o f the juveniles were allocated to the test 
set. This proportion (40%) was chosen to ensure that the test set was a large enough 
percentage of the reference set after removing the appropriate fish from specified natal 
estuaries. Juvenile otolith data was also used to judge the accuracy o f the ML results. 
Using otoliths, only the case in which the test set composition was similar to the 
reference set was examined. In this simulation 30% (approximately the relative 
proportion of adults to juveniles in later simulations) o f the data were allocated to the test 
set and estuary-specific error was determined as the average o f 1000 random samples.
Results
Two-year-old (N= 45) weakfish were collected from the 1996 cohort and 1 year- 
old (N = 46) weakfish were collected from the 1997 cohort for both scale and otolith 
chemical analysis (Table 11). The sex ratios for 1- and 2-year-old fish used were 50:50 
and 46:54 (F:M) respectively. All females used for analyses showed evidence o f 
spawning or preparing to spawn. For each cohort, adults collected from the three separate 
estuaries were combined and the contribution o f  each natal estuary was estimated.
In otoliths, magnitudes o f the four element:Ca values were unchanged after 
maturation, however, magnitudes changed within scales. Magnesium:Ca and Mn:Ca 
values in scales from adults were a fraction o f the values observed for juveniles (Figures 
9 and 10). Barium:Ca and Sr:Ca values were o f similar magnitude between the different
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T a b l e  11. — Adult weakfish from the 1996 and 1997 cohorts were collected from 
Pamlico Sound (PA), Chesapeake Bay (CB), and Delaware Bay (DE) during June to 
September 1998. Age, collection date, sample size of complete adult scale data (Na). 
sample size of complete adult otolith data set (Nb), mean total lengths (TLa and TLb) 
and standard errors (SEa and SEb) are shown for each group of data. Also, Ma 
represents the number o f fish for which both scales and otoliths were analyzed.
Scale Otoliths
Location Cohort Age Date Na TLa SEa Nb TLb SEb
PA 1996 2 Jul 1 - Sep 1 15 24.4 0.28 51 23.5 0.16
CB 1996 2 Jun 16 - Aug 16 13 25.1 0.37 44 25.3 0.28
DE 1996 2 Jun 25 - Jul 20 17 26.0 0.36 58 26.1 0.19
PA 1997 1 Jul 1 - Sep 1 17 20.7 0.37 58 20.8 0.21
CB 1997 1 Jun 16 - Aug 16 15 21.2 0.19 51 21.3 0.12
DE 1997 1 Jun 25 - Jul 20 14 21.4 0.23 48 21.3 0.13
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F igure 9. Individual juvenile Cynoscion regalis element:Ca values in scales and 
otoliths from the 1996 (solid circles) and 1997 (open circles) cohorts. The dashed line 
indicates a 1:1 relationship between otoliths and scales.
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F ig u r e  10. Element:Ca values in scales and otoliths o f individual adult 
Cynoscion regalis collected in 1998 representing the 1996 (solid circle) and 1997 
(open circles) cohorts. The dashed line indicates a 1:1 relationship between 
otoliths and scales.
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ages. Importantly, Mn:Ca and Ba:Ca values maintained a similar relationship between 
scales and otoliths through maturation.
Correlation between elementrCa concentrations in scales and otoliths indicated 
that relative Mn:Ca and Ba:Ca concentrations in scales remained stable after maturation. 
Further, the higher values represented by the 1997 cohort for Mn:Ca and Ba:Ca remained 
relatively high through the years suggesting a certain conservation o f the elemental 
signature (Figures 9 and 10). Strontium:Ca correlations, however, were reduced. For 
juveniles, concentrations o f SrrCa, Mn:Ca, and Ba:Ca in scales were significantly 
correlated to values in otoliths (r = 0.55, 0.59, and 0.72 respectively; N =  252). 
Manganese.Ca values in the scales remained highly correlated to otolith values from 
1- (r = 0.88, N=46,  P = 0.0001) and 2-year-olds (r = 0.77, N=  45, P = 0.0001). 
Barium:Ca correlations were also correlated for 1- (r = 0.77, V =  46, P = 0.0001) and 2- 
year-olds (r = 0.62, N  = 45, P  = 0.0001). Notice, one Ba:Ca value was much higher in 
the scale relative to the otolith (Figure 10) and when removed the correlation was 
increased (r = 0.79, N  = 44, P  = 0.0001). Values of Sr:Ca in scales and otoliths were not 
correlated for 1 - (r = 0.18, N  = 46, P = 0.2375) or for 2-year-olds (r = 0.28. N  = 45, P = 
0.0607). Mg:Ca values were not significantly related in any comparison and therefore 
correlation was not an appropriate method to examine stability o f Mg:Ca.
Individual allocations (LDFA) of juvenile weakfish to their natal origins using 
scale and otolith chemistries shows the classification accuracies were similar at the time 
when signatures were first quantified. Using the entire scale and otolith juvenile data sets 
the allocations were similar using each hardpart's chemistry and between cohorts with 
average accuracy ranging from 62-67% (Table 12). Tests were also similar when only
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T a b l e  12. -  Results o f linear discriminant function analysis for classifying 
juvenile weakfish to natal estuary based on trace element signatures in scales and 
otoliths. Values indicate cross-validation accuracy (%) with MgrCa, MnrCa, Sr.Ca, 
and Ba:Ca as dependent variables. Samples came from Doboy Sound (DS), Pamlico 
Sound (PA), Chesapeake Bay (CB), Delaware Bay (DE) and Peconic Bay (GP).
Sample
source Hardpart DS PA CB DE GP
DS Scale (N = 30)
1996 cross-validation accuracy (%) 
67 3 10 20 0
Otolith (JV = 53) 57 4 7 32 0
PA Scale (Af = 28) 0 86 4 0 11
Otolith (N = 54) 4 50 13 26 7
CB Scale (AT = 29) 10 3 72 ** 10
Otolith (N = 53) 7 10 66 9 8
DE Scale (JV = 29) 31 14 14 38
Otolith ( N -  58) 15 17 7 59 2
GP Scale (jV = 30) 0 10 13 3 73
Otolith (jV= 56) 0 5 11 0 84
DS Scale (Af = 22)
1997 cross-validation accuracy (%) 
73 0 0 22 5
Otolith (N = 56) 95 0 3 2 0
PA Scale (Ar = 29) 7 83 0 7 3
Otolith (N = 70) 19 37 0 23 21
CB Scale (Ar = 27) 11 4 41 19 26
Otolith (Ar= 105) 19 4 55 15 7
DE Scale (A = 28) 4 14 29 54 0
Otolith (Ar = 90) 28 13 7 45 7
GP Scale (Ar= 19) 0 11 11 6 72
Otolith (A/=76) 0 8 7 10 75
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fish for which both scale and otolith data were collected (Table 13). Tests of 
homogeneity on the main diagonals o f Table 13. which represented correct 
classifications, demonstrated scale and otolith chemistries yielded equally accurate 
classification for the 1996 cohort (x2 = 5.24, d f = 4, P — 0.264) but were different for the 
1997 cohort (X  = 19.44, d f = 4, P  = 0.0001). Differences with the 1997 cohort were 
attributed to scale chemistry yielding an accuracy that was double that from otolith 
chemistry for classifying Pamlico Sound fish and being 15% less accurate for 
Chesapeake Bay. Some differences in allocation were noted when specific individuals 
were examined (Table 14). Only 58% of individuals were similarly allocated from the 
1996 cohort and only 53% from the 1997 cohort. A symmetry test (Bowker 1948) 
showed there was no significant pattern in differences for the 1996 cohort (x2 = 12.90, df 
= 10, P > 0.05) yet there was a pattern for the 1997 cohort (x2 = 22.53, d f = 10, P < 0.05). 
This asymmetry was not obviously apparent. The natal origins o f individual adults were 
also estimated using LDFA (juvenile reference set) and there were no patterns in the 
dissimilar allocations for 1- or 2-year-olds (P> 0.05) yet similar allocation occurred only 
33% for 1-year-olds and 29% for 2-year-olds (Table 15).
Before estimating natal contributions to the adult sample with ML, error in 
allocation due to the variability o f my data was evaluated with simulations using the scale 
and otolith Mg:Ca, SrrCa, Mn:Ca, and Ba.Ca data for juveniles. Using 1996 cohort 
signatures as a reference set and 1997 cohort signatures as the test set, absolute average 
error was 10% with Chesapeake Bay percentage being underestimated 15% and Peconic 
Bay contribution overestimated 17% (Table 16). Using 1997 juvenile collections as a  
reference set and 1996 collections as the test set, absolute average error was 12% with
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T a b l e  13. -  Results o f linear discriminant function analysis for classifying juvenile 
weakfish to natal estuary based on trace element signatures in scales and otoliths for 
which element data was available for both. Values indicate cross-validation accuracy 
(%) with Mg:Ca, Mn:Ca, Sr:Ca, and Ba:Ca as dependent variables. Samples came 
from Doboy Sound (DS), Pamlico Sound (PA), Chesapeake Bay (CB), Delaware Bay 
(DE) and Peconic Bay (GP).
Sample
source Hard part DS PA CB DE GP





Otolith 39 19 15 27 0
PA OV = 26) Scale 0 81 4 0 11
Otolith 4 69 0 12 15
CB (V = 26) Scale 11 0 81 4 4
Otolith 4 4 73 15 4
DE (,V = 29) Scale 28 14 14 41 **j
Otolith 17 17 17 49 0
GP (N = 27) Scale 0 11 7 0 82
Otolith 0 11 7 0 82





Otolith 89 0 0 11 0
PA (N = 28) Scale 7 78 0 11 4
Otolith 18 36 0 18 28
CB (jV = 27) Scale 15 15 37 11 22
Otolith 11 4 52 22 11
DE (jV = 28) Scale 4 11 28 57 0
Otolith 21 11 4 57 7
GP (AA= 17) Scale 0 0 6 6 88
Otolith 0 0 23 6 71
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T a b l e  14. -  Individual juvenile allocations based on otolith and scale 
chemistries for the juveniles captured in 1996 and 1997. Linear discriminant 
function analysis was used and the reference sets were from representative 
cohorts. Estuaries shown are Doboy Sound (DS), Pamlico Sound (PA), 
Chesapeake Bay (CB), Delaware Bay (DE), and Peconic Bay (GP). Bold values 
indicate similar allocations.
1996 (N= 134)
Scale Allocation: Otolith Allocation
DS PA CB DE GP
DS 12 5 12 .
PA . 20 1 3 7
CB 1 2 19 4 2
DE 5 6 # 9
GP 4 3 1 18
1997 (N= 118)
Scale Allocation: Otolith Allocation
DS PA CB DE GP
DS 17 # 2 2
PA 2 13 1 6 7
CB 1 1 8 9 2
DE 8 3 1 10
GP . . 6 2 14
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T a b l e  15. -  Individual adult allocations based on otolith and scale chemistries 
for the juveniles captured in 1996 and 1997. Linear discriminant function analysis 
was used and the reference sets were from representative cohorts. Estuaries shown 
are Doboy Sound (DS), Pamlico Sound (PA), Chesapeake Bay (CB), Delaware 
Bay (DE), and Peconic Bay (GP). Bold values indicate similar allocations.
1996 (W=45)
Scale Allocation: Otolith Allocation
DS PA CB DE GP
DS 4 2 2 2 3
PA 1 4 1 1 1
CB 3 1 1
DE 1 3 3
GP 9 5 6 1
1997 (N = 46)
Scale Allocation: Otolith Allocation
DS PA CB DE GP
DS 2 1 4 .
PA 3 1 1 5 1
CB 3 1 1 4 .
DE 4 1 1 7 #
GP 1 . 1 4
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T a b l e  16. — The errors from using one year's data as a reference (Ref.) set and the 
other as a test set are shown with 1996 reference and 1997 test shown as 96-97. The 
error in allocation for Doboy Sound (DS), Pamlico Sound (PA), Chesapeake Bay 
(CB), Delaware Bay (DE), and Peconic Bay (GP) is given.
Estuary
Ref.-Test DS PA CB DE GP Average
96-97 -3 8 -15 -7 17 10
97-96 - 13 -4 29 -8 -4 12
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Chesapeake Bay percentage overestimated by 29% and Doboy Sound contribution 
underestimated 13% (Table 16). These results indicated that reference and test sets 
should be o f the same cohort. Therefore, cohort-specific analyses were performed for 
determining the proportion of adult fish from each estuary.
Using simulations on juvenile elemental signature data from scales, the 
composition o f the test set was determined with only 4 to 7% error when 10 to 60% of the 
individuals were allocated to the test set (Table 17). Error estimates between cohorts 
were similar. Estimates o f error were also evaluated by estuary when the test set 
consisted of 30% of the total data set and had a similar composition as the reference set 
(Table 18). The 30% proportion was chosen because it was similar to that for adults (test) 
to juveniles (reference) in later simulations. The 1996 simulations showed Delaware Bay 
was underestimated by 2% with a total average absolute error of only 5%. Using 1997 
data, error ranged between -3%  and +3 %. with Delaware Bay being overestimated and 
Chesapeake Bay underestimated with a total average absolute error rate o f 5%. These 
results were reasonable given that signatures from Delaware Bay fish, although 
significant, were central to the other estuarine signatures for both the 1996 and 1997 
cohorts (Figure 7; Wells et al. 2000b). For remaining simulations, I used 40% of the data 
as the test set and any modifications were made on that test set such that its stock 
composition was different from the reference set. By using 40% I was confident that 
enough fish were in the test set to allow for a reasonable estimate o f stock composition.
The removal o f one estuary from the test set, leaving the other four, demonstrated 
that the composition could still be estimated with only 6 to 9% absolute average error 
(Table 19). Examining simulations on the 1996 cohort, error was highest (8%) when
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T a b l e  17. -  The robustness o f the maximum likelihood procedure to the data was 
tested by simulations o f the juvenile weakfish data. Average absolute errors by year 
with test sample as a specified proportion o f the entire juvenile scale data set were 
calculated as the mean o f 1000 random samples. The 95% confidences were 
calculated by 1000 random samples o f the data. The column headings represent the 
proportional size o f the test set (i.e. — 30% of entire data set was allocated to the test 
set and 70% to the reference set).
Proportion of the test set
Cohort 10% 20% 30% 40% 50% 60%
1996 7 5 5 4 4 5
(M= 146) (2, 13) (2, 9) (2, 9) (2, 8) (2, 8) (2. 8)
1997 7 5 5 5 5 5
(N= 125) (3, 14) (2, 10) (2, 9) (2, 9) (2. 9) (2,9)
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T a b l e  18. — Shown are average errors by year and estuary based on the mean of 
1000 random samples using a test set which was 30% o f the total juvenile weakfish 
scale data and a reference set which was 70%. The 95% confidence limits were 
calculated by 1000 random samples o f the data. Each grand average was the mean 
of the absolute errors calculated for each of the 1000 random samples for all 
estuaries. The estuaries are labeled as Doboy Sound (DS), Pamlico Sound (PA), 
Chesapeake Bay (CB), Delaware Bay (DE), and Peconic Bay (GP).
Estuary
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T a b l e  19. — Once the test set was generated, which was 40% of the total 
juvenile weakfish scale data, fish from a chosen estuary were removed from the 
test set. Row titles indicate the estuary that was removed and columns show the 
average error o f the percentage estimate o f each estuary's contribution to the test 
set calculated as the mean o f 1000 random samples. The 95% confidence limits 
were determined by 1000 random samples o f the data. Each grand average was 
the mean of the absolute errors calculated for each o f the 1000 random samples 
for all estuaries. The estuaries are labeled as Doboy Sound (DS), Pamlico Sound 
(PA), Chesapeake Bay (CB), Delaware Bay (DE), and Peconic Bay (GP).
1996 averaged misallocarion (%)
Removed: DS PA CB DE GP Average
DS 13 1 -2 -11 -1 8
(7, 19) (-10, 10) (-15. 10) (-23, 11) (-13, 14) (4, 12)
PA -1 7 0 **- J -3 6
(-14, 12) (5, 18) (-14. 12) (-18, 11) (-12, 6) (3, 11)
CB -4 1 13 -7 -3 7
(-17, 8 ) (-8, 9) (7, 20) (-20 , 6) (-13,7) (4, 11)
DE -9 I -3 14 -1 8
(-19, 0 ) ( -10, 8) (-16. 8) (8, 20) (-12. 10) (4, 11)
GP -1 _2 ‘y“J -4 10 6
(-16, 12) (-9, 7) (-15. 8) (-19, 11) (4, 18) (3, 10)
1997 average misal location (%)
Removed: DS PA CB DE GP Average
DS 10 0 -4 -4 -2 7
(4, 17) (-12, 12) (-18, 9) (-19, 12) (-14, 8) (3, U)
PA -2 10 -4 -1 -3 7
(-14, U ) (4, 16) (-19, 11) (-19, 16) (-15, 8) (4. 12)
CB -3 -1 11 -2 -5 7
(-15, 8) (-13, 10) (5, 19) (-18, 13) (-15, 4) (4, 11)
DE -4 -3 -10 20 -3 9
(-14, 6 ) (-14, 7) (-23, 1) (12, 29) (-15, 9) (6, 13)
GP -1 -1 -6 0 8 6
(-12, 10) (-13, 10) (-18. 7) (-16, 15) (3, 14) (3, 10)
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Doboy Sound or Delaware Bay fish were removed from the test set. Simulations with the 
1997 cohort showed error was greatest when Delaware Bay fish were removed from the 
test set (9%). An examination of canonical variate plots for both years supports these 
findings (Figure 7). In 1996, Delaware Bay and Doboy Sound fish had similar signatures 
and in 1997 Delaware Bay signatures was more distinct but still central relative to the 
other four estuaries. Figure 7 also demonstrates that Pamlico Sound and Peconic Bay 
signatures were the most separated from the groups and consequently could be estimated 
with little error. When the test set was made up entirely by one estuary, the composition 
o f the test set could be estimated with only 11 to 27% absolute average error (Table 20). 
Using data from the 1996 and 1997 cohort, error was greatest when the test set was made 
up entirely o f Delaware Bay fish. Another examination of Figure 7 supports these 
findings.
Simulations using the 1996 and 1997 juvenile otolith data, which used the 
complete juvenile otolith data set, indicated the absolute average error was 4% for 
determining stock composition of the test set (Table 21). These errors were similar to 
those found using scale data. Using either scale or otolith data, the simulation results 
indicated that it was possible to estimate the stock composition of adults with little error 
whether or not the compositions of the test and reference sets were similar.
The natal-estuary contributions to the mature 1996 and 1997 adults were 
estimated similarly by scale and otolith chemistries. Those otoliths with matching scale 
data were used in addition to randomly selected otolith data (from a larger data set) such 
that the proportion of adult fish caught at different estuaries was equal to the data for
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T a b l e  2 0 .  -  Once the test set was generated, which was 4 0 %  o f  the total juvenile 
weakfish scale data, fish from all estuaries but one were removed from the test set. 
Row titles indicate the estuary that was left in the test set and columns show the 
average error of the percentage estimate o f each estuary's contribution to the test set 
calculated as the mean o f  1000 random samples. The 95% confidence limits were 
determined by 1000 random samples o f the data. Each grand average is the mean of 
the absolute errors calculated for each o f the 1000 random samples for all estuaries. 
The estuaries are labeled as Doboy Sound (DS), Pamlico Sound (PA), Chesapeake 
Bay (CB), Delaware Bay (DE), and Peconic Bay (GP).
1996 averaged misallocation (%)
Remaining: DS PA CB DE GP Average
DS -52 4 14 33 1 21
(-67. -34) (0, 13) (5, 24) (18,47) (0, 4) (13.27)
PA 1 -24 6 3 14 10
(0,3) (-45. -8) (1, 13) (4, 7) (3, 32) (3, 18)
CB 15 4 -49 16 14 20
(6 , 28) (0, 13) (-64, -33) (6, 27) (3. 29) (13. 26)
DE 34 10 14 -66 8 27
(19,51) ( 1, 21) (5, 25) (-78, -53) (1. 17) (21,31)
GP 1 11 17 5 -34 14
(1,3) (2, 24) (5,31) (6, 12) (-54,-16) (6, 22)
1997 averaged misallocation (%)
Remaining: DS PA CB DE GP Average
DS -43 4 6 29 4 17
(-64, -24) (0 . 12) (1, 13) (15,45) (2 , 12) (10, 25)
PA 6 -28 1 14 7 11
( 1, 16) (-50, -8) (0 ,3) (4, 30) (0, 19) (3, 20)
CB 12 8 -54 18 16 21
(2, 21) (1, 19) (-74, -33) (7,31) (4, 35) (13,30)
DE 16 14 24 -60 6 24
(5. 29) (4,31) (8, 42) (-73, -43) (2 , 11) (17, 29)
GP 2 12 16 20 -50 20
(0, 8) (1,31) (3, 32) (8, 35) (-72, -26) (10, 29)
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T a b l e  21. — Using otolith chemistry, the average errors by year and estuary using a 
test set which was 30% o f the total juvenile weakfish otolith data and a reference set 
which was 70% are shown as the means of 1000 random samples. The 95% 
confidence limits were calculated by1000 random samples o f the data. Each grand 
average is the mean o f the absolute errors calculated for each o f the 1000 random 
samples for all estuaries. The estuaries are labeled as Doboy Sound (DS), Pamlico 
Sound (PA), Chesapeake Bay (CB), Delaware Bay (DE), and Peconic Bay (GP).
Cohort
Estuary
AverageDS PA CB DE GP
1996 -2 0 1 2 -1 4■>3-r-~<NII*'w' (-11,6) (-10, 9) (-7, 9) (-9, 12) (-6, 4) (1,7)
1997 4 -1 -6 2 1 4
(N=  397) (-1. 10) (-8, 6) (-13,1) (-6, 10) (-6, 6) (1,7)
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scales (Table 11: compare Na to M,). This was important as the ML procedure accuracy 
was not independent of true stock composition. Composition was also estimated with the 
complete scale data sets and the estimated compositions derived from otolith and scale 
chemistries were compared with tests of homogeneity. Using scale chemistry the 
contribution o f  natal estuaries to the adult samples was estimated similarly (df = 4) as 
when estimated with otolith chemistry for the 1996 cohort (x2 = 8.79, P = 0.067) and 
1997 cohort (yC ~ 0.75, P = 0.945, Table 22). Also, estimated proportions o f fish from 
each natal estuary were similar (df = 4, P > 0.05) when only fish for which both scale and 
otolith chemistry was determined (both reference and test sets) were used to estimate 
stock composition (x2 = 7.88 for 1996 cohort, X2 = 3-33 for 1997 cohort. Table 23). 
Notably, however, using scale chemistry, the contribution of 2-year-olds from Pamlico 
Sound and Chesapeake Bay to the adult sample was underestimated and Peconic Bay fish 
were overestimated, relative to otolith-based estimates (Tables 22 and 23).
Using fish for which both scale and otolith chemistry was determined (Table 11; 
jVa) the difference in proportion estimates from each natal estuary was determined as the 
average o f 1000 estimates for bootstrapped adult sets (Difference in allocation = 
Allocation using scale chemistry - Allocation using otolith chemistry). Differences for 1- 
year-old fish ranged between 6 and -6% (Table 24). For 2-year-old fish the difference 
was greatest for fish allocated by otolith chemistry to Peconic Bay origin (15%). Further, 
Pamlico Sound and Chesapeake Bay contributions were underestimated 7%. Notice, for 
1 -year-old fish bootstrapped 95% confidence intervals encompassed zero for all estuaries 
and for 2-year-olds the confidence intervals encompassed zero for all but Peconic Bay 
(Figure 11).
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T a b l e  22. -  Estimated contribution by natal estuary to the 1- and 2-year-old 
weakfish collected from Pamlico Sound, Chesapeake Bay, and Delaware Bay in 
1998 estimated by scale and otolith chemistries. All fish for which otolith data were 
available were used after truncating to match the same proportions as the scale data 
(Table 2; M,). Also, all fish for which scale data were available were used (Table 2; 
zVa). Also shown are x2 values for comparisons between allocations from scale and 
otolith chemistry (d f= 4  for all tests). The estuaries are labeled as Doboy Sound 




PDS PA CB DE GP x2
Scale 1996 19 20 15 18 28
8.79 0.067
Otolith 1996 17 27 23 21 12
Scale 1997 14 21 20 29 16
0.75 0.945
Otolith 1997 15 21 18 33 13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90
T a b l e  2 3 .  -  Estimated contribution by natal estuary to the 1- (N = 4 6 )  and 2 -  
year-old (N = 4 5 )  weakfish collected from Pamlico Sound, Chesapeake Bay, and 
Delaware Bay in 1 9 9 8  estimated by scale and otolith chemistries. Only juvenile 
and adult fish for which both scale and otolith chemistry was measured were used. 
Also shown are x2 values for comparisons between allocations from scale and 
otolith chemistry (df = 4  for all tests). The estuaries are labeled as Doboy Sound 




PDS PA CB DE GP r
Scale 1996 18 20 14 20 28
7.88 0.100
Otolith 1996 17 27 20 23 13
Scale 1997 12 24 19 31 14
3.33 0.504
Otolith 1997 17 22 13 37 11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
91
Table 24. -  Estimated differences in estimated contribution by natal estuary 
(Difference = Scale allocation - Otolith allocation) to the 1- and 2-year-old weakfish 
collected from Pamlico Sound, Chesapeake Bay, and Delaware Bay in 1998 
estimated by scale and otolith chemistries. Only juvenile and adult fish for which 
both scale and otolith chemistry was measured were used. Estimated differences are 
averaged difference percentages of 1000 bootstrapped adult samples. The 95% 
confidence limits were calculated based on 1000 bootstrapped samples. Number of 
juveniles in the reference set (.Va) and adults in the test sets (M>) are shown. The 
estuaries are labeled as Doboy Sound (DS), Pamlico Sound (PA), Chesapeake Bay 
(CB), Delaware Bay (DE), and Peconic Bay (GP)
Estuary
Cohort Na M, DS PA CB DE GP

































0  H --------
*r
DS PA CB DE GP
F ig u r e  11. The contribution of each natal estuary to the adult sample was 
estimated using scale and otolith chemistry for the 1996 (solid circles) and 
1997 (open circles) cohorts. Shown are the differences in estimated 
proportions using the two hardpart chemistries (Difference in allocation = 
Allocation using scale chemistry - Allocation using otolith chemistry). The 
95% confidence interval toward the zero reference line was calculated from 
1000 bootstrapped adult mixed stocks. Estuaries represented are Doboy 
Sound (DS), Pamlico Sound (PA), Chesapeake Bay (CB), Delaware Bay 
(DE), and Peconic Bay (GP).
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The individual allocation results reveal the distribution o f different allocations. 
Firstly using ML, similarities of individual allocations from scale and otolith chemistries 
were slightly increased over LDFA with 41% and 31% of the fish similarly allocated for 
1- and 2-year-olds (Table 25). Still, the results o f individual classifications were 
generally similar to those from LDFA (Table 15). Individual differences in allocation 
between the hardpart chemistries for 1-year-old fish had no clear pattern (Table 25). 
However, 2-year-old fish allocated to Pamlico Sound and Chesapeake Bay origin with 
otolith chemistry were classified differently using scale chemistry (Table 25) -- a pattern 
that was not noted for juveniles (Table 14). Specifically, the majority o f fish allocated to 
Pamlico Sound origin with otolith chemistry were allocated to Delaware Bay and Peconic 
Bay with scale chemistry and almost all o f the fish allocated to Chesapeake Bay with 
otolith chemistry were allocated to Peconic Bay using scale chemistry. These 
determinations, however, are based on assigning a  probability of 1.0 to the maximum 
posterior probability estimated by the ML procedure. Importantly, the average maximum 
posterior probabilities for scale assignments were all greater than 0.20 (Table 26). This 
indicated the allocations were not random.
Examination of these results in light o f the multivariate signatures described for 
juvenile scales shows a pattern o f slight change in the scale chemistry after maturation. 
Canonical variates 1 (CV1) and 2 (CV2) describing the juvenile scale chemistry data 
encompassed 93% and 89% o f the variation for the 1996 and 1997 cohort signatures 
respectively. The coefficients on CV1 and CV2 can be used to understand the 
differences between signatures from the five natal estuaries (Table 27). For the 1996 
cohort Ba:Ca (-) and Mn:Ca (+) were most influential for CV 1 and Sr:Ca (+) and
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Table 25. -  Individual adult allocations to natal location based on otolith and 
scale chemistries for the adults captured in 1998. Reference sets from 
representative cohorts were used. Estuaries shown are Doboy Sound (DS), 
Pamlico Sound (PA), Chesapeake Bay (CB), Delaware Bay (DE), and Peconic 
Bay (GP). Bold values indicate similar allocations.
1996(^  = 45)
Scale Allocation: Otolith Allocation
DS PA CB DE GP
DS 3 1 1 4 .
PA 1 4 1 1 1
CB 2 # .
DE 1 6 3
GP . 5 7 . 4
1997 (N = 46)
Scale Allocation: Otolith Allocation
DS PA CB DE GP
DS 2 1 1
PA 2 1 1 7 1
CB 1 2 3
DE 5 2 1 10
GP . 1 . 1 4
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T a b l e  26. — Average maximum posterior probabilities for fish allocations from 
scale chemistry shown for both similar and dissimilar allocations given by otolith 
chemistry based on adults captured in 1998. Also shown are the average maximum 
posterior probabilities o f assignment to each estuary based on scale chemistry. 
Reference sets from representative cohorts were used. Estuaries shown are Doboy 
Sound (DS), Pamlico Sound (PA), Chesapeake Bay (CB), Delaware Bay (DE), and 
Peconic Bay (GP). Bold values indicate similar allocations.
1996 (N == 45)
Scale Allocation: Otolith Allocation
DS PA CB DE GP Average
DS 0.78 0.30 0.67 0.63 # 0.65
PA 0.63 0.83 0.69 0.99 0.46 0.76
CB # 0.38 # . . 0.38
DE 0.43 0.40 0.50 0.53
GP 0.84 0.65 # 0.82 0.75
1997 (N = 46)
Scale Allocation: Otolith Allocation
DS PA CB DE GP Average
DS 0.61 0.38 0.87 . 0.62
PA 0.80 0.88 0.68 0.74 0.74 0.76
CB # 0.44 0.83 0.78 . 0.74
DE 0.53 0.62 0.51 0.59 0.57
GP 0.94 . 0.48 0.88 0.82
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T a b l e  2 7 .  — Standardized canonical coefficients for canonical variate 1 (CV1) and 
2 (CV2) based on elemental signatures in scales of juveniles from 1 9 9 6  and 1 9 9 7  
(Wells et al. 2 0 0 0 b ) .
1996 Cohort 1997 Cohort
Element:Ca: CV1 CV2 CV1 CV2
Mg:Ca -0.11 0.48 0.04 0.47
Sr:Ca: 0.31 0.73 0.59 -0.69
Mn:Ca 1.31 0.52 -1.01 0.93
Ba:Ca -1.05 0.63 1.19 0.77
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Ba:Ca (+) for CV2. First, an examination of CV1 and CV2 values plotted against one 
another for each individual juvenile (Figure 7) demonstrated that Delaware Bay and 
Doboy Sound signatures were similar. Dissimilar adult allocations, therefore, were 
expected between the two, with fish from one allocated to the other somewhat randomly. 
Interestingly, 30% o f 2-year-olds allocated to Pamlico Sound using otolith chemistry 
were allocated to Peconic Bay and Delaware Bay each with scale chemistry while only 
13% and 19% of the juveniles allocated to Pamlico Sound with otoliths were allocated to 
Peconic Bay and Delaware Bay respectively. In fact, only 22% of the 2-year-olds 
allocated to Pamlico Sound with otoliths were allocated similarly to scales compared to 
63% for juveniles. This was a clear indication of alteration o f the elemental composition 
after maturation. Also, 78% o f the 2-year-olds allocated to Chesapeake Bay with otolith 
chemistry were allocated to Peconic Bay with scale chemistry (Table 25) which was not 
noted for juveniles (11%). Only an increase in Sr.Ca in the scale could cause both 
Chesapeake Bay and Pamlico Sound fish (according to otolith chemistry) to be allocated 
to Peconic Bay. Pamlico Sound and Peconic Bay elemental signatures in the scale were 
separated on CV2 (Figure 7) with Pamlico Sound having had fish with much lower Sr:Ca 
values and slightly lower Ba:Ca values (Wells et al. 2000b). Chesapeake Bay and 
Peconic Bay elemental signatures separated on CV1 with Chesapeake Bay having had 
fish with higher Ba:Ca, slightly lower Mn:Ca, and similar Sr:Ca. Magnesium:Ca had 
little influence on separating the juvenile estuarine signatures (Wells et al. 2000b).
Importantly, Sr:Ca correlations between scales and otoliths were lower after 
maturation which may have been caused by a change in relative Sr:Ca concentrations. 
However, Ba:Ca and Mn:Ca values in scales remained highly correlated to those in
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otoliths. Strontium:Ca values for 2-year-old fish (mean = 2.078) were significantly higher 
than as juveniles (mean = 1.94, d f = 98.6, T = -3.86, P  = 0.0002) and less variable (d f= 
145, 44, F=  1.84, P  = 0.0202). Also, loge transformed values of Ba:Ca were not 
significantly different between age groups. Further, a relative increase in Mn:Ca could 
account for fish allocated with otolith chemistry to Chesapeake Bay having been 
allocated to Peconic Bay (higher Mn:Ca; Table 6) using scale chemistry. However, that 
so many fish allocated to Pamlico Sound with otolith chemistry were allocated to Peconic 
Bay (higher Sr:Ca) and Delaware Bay (lower Mn:Ca and higher Sr:Ca; Table 6) with 
scale chemistry removed a logical argument that Mn:Ca relative concentrations changed 
(examine CV1 and CV2 coefficients; Table 27). Rather, Chesapeake Bay signatures were 
most similar to Peconic Bay signatures (Figure 7) and a minor change in Sr:Ca could 
cause different allocations toward the upper right quadrant of Figure 7 (Table 27) 
representing the Peconic Bay signature. In all, scales from the 1996 cohort showed 
evidence o f increased relative Sr:Ca values while Ba:Ca and Mn:Ca values remained 
stable.
Canonical variates 1 and 2 were less helpful in understanding the differences for 
1-year-old fish from the 1997 cohort. ManganeserCa (-) and Ba:Ca (+) were the most 
highly loaded variables on CVl and Mn:Ca (+) and Ba:Ca (+) on CV2 (Table 26). 
Delaware Bay and Doboy Sound fish were most often allocated differently for the 1 -year- 
old group. Given that the Delaware Bay signatures were central to the other four estuary 
signatures it was likely that they would be allocated poorly. Generally, differences in 
allocation for the 1997 cohort were distributed somewhat randomly. Interestingly, for the 
1997 cohort the difference in the mean Sr:Ca value in adults relative to juveniles was
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similar to the difference noted for the 1996 cohort. The mean Sr:Ca value for 1-year-old 
fish (mean = 1.99) was greater than juveniles (mean = 1.85, df = 138.4, T=  -3.89, P = 
0.0002) and was less variable (df = 124,45, F = 3.01, P= 0.0001).
Discussion
Estimated natal-estuary contributions to the adult sample were the same when 
estimated by scale and otolith chemistries. This result is promising and demonstrates that 
scale chemistry may be useful for estimating stock structure even though minor relative 
alterations to the scale chemistry were noted. Indeed, results for adults were somewhat 
similar to those found from juvenile simulations — a time when the signature was first 
quantified. Only when individual allocations were examined was a change in the 
elemental signature o f  the scale noted. Further, both Mn:Ca and Mg:Ca values were 
much lower in the adults and there was an indication that Sr.Ca increased. There are two 
reasonable causes for this alteration o f the elemental signatures. The first is founded on a 
change in Ca demand during the reproductive season. The second argues that the scale 
continues the process o f crystallization after the fish leaves its natal estuary.
During gonadal development Ca demand is relatively high for both males and 
females compared to the resting period (Mugiya and Watabe 1977; Kalish 1991). 
Experimentation has shown that injections of estradiol lead to mobilization of Ca from 
the scale to the blood plasma preferentially to other hardparts (Mugiya and Watabe 
1977). Kalish (1991) also showed an increase of Ca in the blood plasma during the 
spawning season. He also demonstrated that the Sr:Ca ratios increased during the time of 
gonadal maturation and drastically decreased at peak gonadal development. For the Ca
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demand during spawning to cause increased Sr:Ca and decreased Mn:Ca and Mg:Ca in 
the scale, elements would have to be selectively resorbed. While Sr may be more stable 
in the scale than Ca (Norris et al. 1963) little is understood about the stability o f Mn and 
Mg related to spawning activity. That Ba:Ca remained constant indicated either that Ba 
is being removed from the scale equally to Ca or was untouched in the fibrous layer.
More likely, the scale continued to crystallize after the juvenile period. Given the 
findings o f Fouda (1979) showing P:Ca increased from the scale core to the anterior 
margin, the scale continued to crystallize to a certain degree after bony material was 
initially laid down. The ratio o f Mg and P to Ca in hydroxyapatite crystals typically 
decreases as the hydroxyapatite forms (Fouda 1979, Bumell et al. 1980, Gedaliaet al. 
1982, Bigi et al. 1992, Aobaet al. 1992). I noted increasing Mg:Ca values along an 
ablated transect from the core to the anterior margin. Although this trend was not 
significant when examined by a repeated measures analysis o f variance (Wells et al. 
2000b), it was an indication of continuing crystallization along the transect. Once I accept 
that crystallization occurs, the changes in the other three elements can be explained. 
Strontium:Ca in the scale increased because as the fish left the estuarine nursery areas 
they moved into the marine system in which there were higher Sr:Ca levels. The absolute 
values of Mn:Ca decreased because Mn+2 is not available in the more oxidizing marine 
environment where Mn+4 dominates. Finally, Ba:Ca must have been concentrated in the 
fibrous layer o f the scale (Wells et al. 2000a), and thus remained unaffected by 
crystallization. In support, I noted considerably higher values of Ba:Ca in samples of 
ablated material from the fibrillary plate. Because the fibrous layer is not calcified, even
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a small amount o f Ba present yields high Ba:Ca values. Therefore, if the raster depth was 
not relatively consistent Ba:Ca varied substantially and inversely to SrrCa.
Manganese:Ca and Ba:Ca values in scales remained highly correlated to those in 
otoliths. While the scale may continue to crystallize, Mn:Ca was neither added nor 
removed. It follows that elements present in the juvenile environment that are not present 
in the adult environment may remain useful as only the absolute value o f Mn:Ca changes. 
From this an estimate of Ca addition can be made because a reduction o f approximately 
70% in Mn:Ca values indicated that Ca nearly tripled in the scale after the juvenile 
period. By remaining more abundant in the fibrous layer Ba:Ca may be less affected by 
crystallization but may be affected instead by the more vascular nature o f the fibrillary 
plate (Fouda 1979). Drastic differences were not expected for Sr:Ca as its value is not so 
obviously different between the estuarine and marine environments.
The ML procedure used in this study was shown to be accurate, precise, and 
robust. Further, the ML procedure outperformed LDFA in estimating proportional 
contribution of each natal estuary and performed somewhat better for individual 
classifications. When the reference set and the test set had similar true composition the 
error in estimation was minimal for both scale and otolith data. By randomly selecting 
the test set and then determining the natal-estuary contributions, I examined the possible 
sampling error. However, in randomly allocating the test set without replacement, I also 
estimated error in defining the reference set. Given my variable data and limited sample 
size, the success o f the procedure was especially notable. The ML also preformed 
reasonably well when the test set was grossly dissimilar to the reference set. The 
decreased precision o f allocation when the two sets were dissimilar was caused less by
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the ML accuracy and was more a product of the inherent overlap of the data in which 
individuals from various estuaries overlapped signatures. This was clearly demonstrated 
with Delaware Bay fish generally being estimated with the most error.
The error estimates that were generated should not be used to account for bias 
when evaluating adult stock structure. At first this seems logical but these errors are 
based on specific true compositions and on specific reference sets. I cannot make prior 
assumptions about the true stock structure o f the adult population. Further, I cannot 
assume that all possible signatures present in the adult collections were referenced in the 
reference set. In fact, the error I estimated using the juvenile set may only represent the 
best case scenario.
Care must be taken when sampling the scale as the laser ablates easily through the 
calcified layer and relatively deeply into the fibrillary plate. As the depth increases,
Sr:Ca decreases and Ba:Ca increases. If crater depth is maintained relatively constant, as 
in this study, this should not affect the analysis. Also, because signatures were based on 
relative amounts o f the elements and standardized values were used, this was not a cause 
of any of the apparent degradation of the signature. In the future it may be better, 
however, to sample the entire depth of the scale (Pender and Griffin 1996). In doing this, 
element:Ca values for those elements present only in the boney layer will be diluted but 
can still be used as relative concentrations. However, those elements represented mostly 
in the fibrous layer will be overestimated and relative concentrations between groups may 
not remain constant as the fibrous layer thickens as the fish ages.
In all, scale chemistry does not appear to be stable following the juvenile period, 
it may be too easy to induce highly variable results, and individual allocations were
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different from those estimated using otolith chemistry. Nonetheless, estimated 
proportions o f adults from each natal estuary were similar when using the two hardpart 
chemistries. Importantly, I showed that there was great variation in otolith and scale 
allocation when juveniles o f known origin were used to determine classification 
accuracy. Therefore, much o f the variation in adult classifications was due to initial 
(baseline) variation.
To understand fully the question o f stability more analyses should be performed.
A controlled study should be performed to examine how elemental :Ca concentrations 
relate to scale layers sampled. More abundant transect data may expose some of the 
temporal differences in scale crystallization. Most importantly, scales should be 
examined from the same individual fish captured at different time periods to judge 
stability directly. Specifically, I want to examine repeated measures at different ages to 
determine fully the time when calcification stops and signatures become stable. Perhaps 
the juvenile fish I used were too young to have stable signatures and, had I waited to 
collect them at the end o f the nursery period, tag degradation would have been negligible. 
It may also be possible that scale chemistry is altered in a predictable fashion such that 
any degradation could be corrected. Lastly, Thorrold et al. (1998) noted an increase of 
-25%  in accurate classification when 5 I3C and SI80  values were analyzed in addition to 
trace elements in otoliths. Alone, otolith trace elements led to slightly lower 
classification accuracies than those from scale chemistry. It may be best to include 
isotope data when available especially for fish sampled along a latitudinal gradient.
Little, however, is understood about isotopic incorporation in the scale and it was cost 
prohibitive to examine this for the work presented here.




I have shown that changes in the environment can directly affect the elemental 
signatures in the scale (Chapter II). This finding confirms that the scale signature is a 
result o f the environment in which the fish resided. Therefore, it follows that differences 
in environmental conditions within natal regions can be represented on the scale as I 
demonstrated with juvenile weakfish along the Atlantic coast. Further, I showed that the 
relationship between scale and environmental conditions is linear for two commonly 
assayed elements (Sr and Ba) such that subtle differences in the water chemistry can be 
reconstructed with good precision. Unlike otoliths, Sr:Ca levels in the scale were not 
affected by temperature. Therefore, differences observed in Sr:Ca levels in the scale are 
unambiguously caused by differences in water chemistry. I also helped to elucidate some 
of the processes which lead to temperature dependent Sr:Ca levels in the otoliths. As 
growth was equal between temperature treatments, differences in otolith Sr:Ca levels 
must be attributed to transfer o f ions into the endolymphatic fluid or onto the aragonite 
itself (temperature dependent affinity). Cadmium:Ca was not as clear a relationship but 
can be considered an element which would act as a good binary indicator (presence and 
absence) of the environmental conditions experienced by fish. This is not true for 
otoliths which rarely have detectable levels o f Cd within them.
Correlations between Sr and Ba signatures in scales and otoliths were very high 
(~ 80-90%; Chapters II and III) and were also significant for Mn (~ 66%; Chapter III). 
This gives evidence that scales may be a useful surrogate for otoliths for reconstruction of
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environmental conditions experienced by the fish. Further, scales generally had higher 
concentrations o f Cd, Ba, Mn, and Mg (Chapters II and III) such that chemical analysis 
can be performed with less expensive methods with higher limits o f  detection (rather than 
ICP-MS). The higher concentrations in the scales also reduces counting errors compared 
to otoliths, thus increasing precision of the assays.
Significant differences in the elemental signatures of scales existed between 
juvenile weakfish from five estuaries along the Atlantic coast (Chapter III). This 
indicates that the differences in environmental conditions along the Atlantic coast can be 
recorded within scale material and later used to identify natal estuaries. The signatures 
also varied between the years sampled, indicating that continued monitoring o f signatures 
for each cohort may be needed. Classification procedures (LDFA) indicated that the 
signatures were significantly different enough to classify individual juveniles with ~ 65% 
accuracy (Chapter III). In 1996, cross-validated classification accuracy ranged from 38% 
for Delaware Bay, to 86% for Pamlico Sound, with an overall accuracy o f 67%. 
Classification accuracy in 1997 ranged from 41% for Chesapeake Bay to 83% for 
Pamlico Sound, with an overall accuracy of 65%. Inter-annual variability in the trace 
element signatures meant that fish could not be accurately classified to natal estuary 
based on signatures collected from juvenile fish in a different year.
I demonstrated, with simulations on the juvenile data, that the proportions of 
juveniles from each natal estuary could be estimated with — 90-95% accuracy (Chapter 
IV) using a new ML procedure. When scale chemistry was used to determine the natal- 
estuary contribution to adults the results were similar to otolith allocations. However, I 
also showed that the elemental signatures in the scale degraded over time. I argued that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
106
this degradation was due to continued crystallization o f the scale after the juvenile period. 
In fact, I postulated that Ca abundance in the scale nearly tripled. Interestingly, however, 
Mn:Ca and Ba:Ca in scales and otoliths remained highly correlated after maturation 
(-80% and -70%  respectively). This indicated that these elements, unlike Sr and Mg, 
remained stable for defining the elemental signature. The fact that they remained stable 
indicated that Mn was only diluted due to crystallization and Ba was left untouched in the 
fibrillary plate. Further research will address fully these questions o f stability. It is likely 
that a predictable pattern o f degradation in scale chemistry can be used to correct for the 
alteration. This is especially true given the results o f Chapter II in which assimilation 
curves were developed. If these relationships are used in conjunction with information 
about the environment in which fish reside and additional information about when the 
scale becomes stable, I believe that alterations will have a negligible effect on 
understanding stock structure and movements.
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APPENDIX I
MAXIMUM LIKELIHOOD SAS PROGRAM
t i t l e l  'D.  Na ik :  A SAS Program f o r  D is c r i m i n a n t  A n a l y s i s ' ;  
t i t l e 2  'assuming M i x t u r e  o f  M u l t i v a r i a t e  Normal M o d e l ' ;  
t i t l e 3  'and using Both C l a s s i f i e d  and U n c l a s s i f i e d  D a t a ' ;
*The IML code; 
proc i m l ;  
use t s t d a t a ;
‘ C r e a t e  da ta  m a t r i x  us ing  t h e  sas d a t a  s e t ;  
read a l l  var  {MG_CA, MN_CA, SR_CA, BA_CA} i n t o  x;
• C r e a t e  a v e c to r  c o n t a i n i n g  i n f o r m a t i o n  on group a l l o c a t i o n  o f  th e  
o b s e r v a t io n s ;
•The group v a r i a b l e  i s  assumed t o  have numbers 1 , 2 , . .  as t h e  
p o p u la t io n s ;
read a l l  var  {group}  i n t o  g;
*  S p e c i f y  the  number o f  groups as k= ;
k=5;
n = n r o w ( x ) ; 
p = n c o l ( x ) ;
p h a t = ] ( k , 1 , 0 ) ;  
x b a r = j ( k , p , 0 ) ;
•D e t e rm in e  the  number o f  c l a s s i f i e d  o b s e rv a t io n s  i n  each group;
m = j ( k , l , 0 ) ;
mc=0;
do i = l  t o  k; 
do j = l  t o  n;
i f  g [ j ] = i  then do; 
m [ i ] = m [ i ] + l ;
x b a r [ i , ] = x b a r [ i , ] + x [ j , ] ;  
end;  
end;
x b a r [ i , ] = x b a r [ i , ] /m[ i ] ;
mc=mc+m[i] ;
end;
• T h i s  m a t r i x  w i l l  be used l a t e r  i n  t h e  i t e r a t i o n  s tep s ;
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xbarm =d iag (m )*xbar ;
• I d e n t i f y  and s t o r e  t h e  u n c l a s s i f i e d  o b s e r v a t io n s ;
x u n = j ( n - m c , p , 0 ) ;
ind=0;
do j=1 t o  n;
i f  g [ j ]= -  the n  do;  
ind= ind+1 ; 
x u n [ i n d , ] = x [ j , ] ;  
end;  
end;
•Sample mean v e c t o r  and v a r i a n c e  c ova r ian ce  m a t r i x  us ing a l l  th e  d a ta ;  
x b a r b a r = ( l / n ) * j ( 1 , n , 1 ) * x ;  
q u = i ( n ) - ( l / n ) * j ( n , n , 1 ) ;  
s= (1 / ( n ) ) * t ( x ) * q u * x ;
• I n v e r s e  o f  s t o  use l a t e r  f o r  th e  c a l c u l a t i o n  o f  Sigma i n v e r s e ;  
s i = i n v ( s ) ;
• I n i t i a l  Va lues ;  
do j=1 t o  k;
p h a t [ j ] = m [ j ] / ( m e ) ; 
end;
b i h a t = j ( k , p , 1 ) ;  
o l d b l h a t = j ( k , p , 0 ) ; 
count=0;
• S t a r t  the  i t e r a t i o n  process;
do w h i l e ( m a x ( a b s ( b 1 h a t - o l d b l h a t ) ) > 0 . 0 0 0 1 ) ;
o l d b i h a t = b l h a t ;
c o u n t = c o u n t + l ; 
d p h a t = d i a g ( s q r t ( p h a t ) ) ;
•Computation o f  Sigma i n v e r s e ;
C = d p h a t * ( x b a r - j ( k ,  1 , 1 ) * x b a r b a r ) ; 
s m a t i = i n v ( i ( k ) - c * s i * t ( c ) ) ;  
s i g i n v = s i + s i * t ( c ) * s m a t i * c * s i ;
•Computation o f  b i h a t  and bOhat;  
b l h a t = x b a r * s i g i n v ;
b 0 h a t = ( - 0 . 5 ) * v e c d i a g ( x b a r * t ( b 1 h a t ) ) ;
*  Computation o f  P o s t e r i o r  p r o b a b i l i t i e s ;
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p x = j ( k , n - m c , 0 ) ;
do i = l  to  n-mc;  
do j=1 t o  k;
p x [ j , i ]  = b O h a t [ j ] + b l h a t [ j , ] * t ( x u n [ i , ] ) ;  
p x [ j , i ] = e x p ( p x [ j , i ] ) * p h a t [ j ] ;  
end; 
end;
do i=1 to  n-mc; 
const=0;  
do j = l  t o  k;
c o n s t = c o n s t + p x [ j , i ] ; 
end;
do j=1 to  k;
p x [ j , i ] = p x [ j , i ] / c o n s t ;  
end; 
end;
• p r i n t  px;
* Computation o f  p h a t ;  
do j=1 t o  k;
p h a t [ j ] = ( s u m ( p x [ j , ] ) + m [ j ] ) / n ;  
end;
• p r i n t  phat;
* Computation o f  mu_j (X b a r ) ;  
xbar=xbarm+px*xun;
do ]=1 t o  k;
x b a r [ j , ] = x b a r [ ] ' , ] / ( n * p h a t [ j  ] ) ;  
end;
end; / *  End o f  t h e  i t e r a t i o n s  * /
*  De te rm in ing  t h e  p r o p o r t i o n  o f  u n c l a s s i f i e d  o b s e r v a t io n s  
c l a s s i f i e d  t o  each o f  th e  k p o p u la t io n s ;
• t h e  method t h a t  f o l l o w s  can be used t o  make r a z o r  edge d e c is io n s ;
* about where i n d i v i d u a l s  should  be a l l o c a t e d ;
/ *
* n _ c l a s s = j ( k , n - m c , 0 ) ;
•do i=1 to  n-mc;
* do j=1 t o  k;
* i f  p x [ ] , i ] = m a x ( p x [ , i ] ) then  n _ c l a s s [ j , i ] = l ;
* end;
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* p _ c l a s s = j ( k , 1 , 0 ) ;
•do j=1 to  k;
*  p _ c l a s s [ j ] = s u m ( n _ c l a s s [ j , ] ) / ( n - m c ) ; 
•end;
* /
•what  f o l lo w s  i s  th e  e q u a t io n  f o r  d e te rm in in g  th e ;  
•com pos i t ion  o f  t h e  u n c l a s s i f i e d  d a ta  by using a l l ;
*  p r o b a b i l i t i e s ;
p _ c l a s s = j ( k , 1 , 0 ) ;  
do j=1 t o  k;
p _ c l a s s [ j ] = s u m ( p x [ j , ] ) / ( n - m c ) ; 
end;
•on a very  r a r e  occas ion two p e r c e n t  a t  most;
* th e  c a l c u l a t i o n  o f  v a r i a b l e  s m at i  above;
•becomes so l a r g e  th e  program blows up;
* to  account f o r  t h i s  I  have e l i m i n a t e d  those o b s e r v a t io n s ;  
• I  do not know IML so I  e l i m i n a t e d  them o u ts id e  o f  IML;
* *  as a d e l e t e  s ta te m e n t ;
/ *
p r i n t  'k  P o s t e r i o r  p r o b a b i l i t i e s  a re  w r i t t e n  i n  k ro w s ' ;  
p r i n t  px;
p r i n t  'Number o f  i t e r a t i o n s ' ;  
p r i n t  count;
p r i n t  'The e s t im a te d  p r o b a b i l i t i e s :  p h a t ' ;  
p r i n t  phat;
p r i n t  'The p r o p o r t io n  o f  u n c l a s s i f i e d  o b s e r v a t i o n s ' ;  
p r i n t  ' c l a s s i f i e d  t o  t h e  k p o p u l a t i o n s ' ;  
p r i n t  p_c lass;
* /




Organized 1870 to Promote trie Conservation. Development and Wise Utilization or tne Ftsneres
MEMORANDUM 
FROM: Janet Harry, American Fisheries Society
DATE: September 21,2000
RE: Permission Request # 24
Thank you for your request to reproduce the following material published by the American Fisheries
Society:
Weils, B. K-, S. R. Thorrold, aad C. M. Jones. 2000. Geographic variation in trace dement
composition of Juvenile weakibh scales. Tranrsrttons of the Amrriran Fisheries Society 
129:009-900.
***Thls permission does not extend to ase in electronic media.***
Permission is hereby:
/  Granted.   Granted subject to
payment of publisher 
royalty fee. (Total foe 
due .)
  Granted subject to   Denied.
author approval.
P r o p e r  a c k n o w l e d g m e n t  o f  t h e  s o u r c e  o f  t h e  m a t e r ia l  m u s t  o e  g iv e n .
Thank you.
Editorial Office, American Fisheries Society, 5410 Gronvonor Lana, Suite 110 
Fax:(301)807-5000 Bethaada, Maryland 20614-2100 Phono: (301)807-8616
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
122
McClymont, Paul
From: McClymont Paul 
September 19. 2000 3:41 PM 
■bweHsQodu.edu'
Heyman. Judy
RE: Permission to include J1S
S e n t:
To:
Cc:
S u b je c t: 5659
Dear Brian
Permission is granted for use of the material, as  described below, provided that acknowledgement is given to the 
Canadian Journal of Fisheries and Aquatic Sciences. Your artide is scheduled to be pubw ied in the October 2000 issue 
and tee ask that you not make your dissertation generally available until after publication date. I will sign an exact copy of 
this E-mail and mail it to you today.
NRC Research Press 
Phone: 613-993-9093 
Fax:613-952-7656 
E-Mail: paul. mcdy montQnrc. ca
— Original Message—
From: bwellsOodu.edu [mailto:bwellsQodu.edul 
Sent September 19.2000 2:34 PM 
To: Paul.McClymontQnrc.ca 
Subject Permission to include J 15659
Sorry I didn‘:t put a subject line on the other letter and I know how it is 
to have a box full of junk emails.








I am writing to ask promission to included J15659 into my dissertation. 
This manuscript is currently In Press.
Please Send a Letter explicitly permitting me to use this manuscript 
Address follows. Please also email to tell me it has been done We are 
moving and I will need to keep my eye out 
Thanks a lot 
Brian
Brian K. Wells
Center for Quantitative Fisheries Ecology 
Old Dominion University 
1034 West 45ih Street 
Norfolk. VA 23529
Curriculum Vitae can be viewed and printed from: 
http://www.geocities.com/wells_page/cv5html
Wells Home Page:
Updated April 8. 2000: 
http://www.geocities.com/wells_page




Department of Biology Voice: (757) 683 - 3625
Old Dominion University FAX: (757) 683 - 5293
Norfolk VA 23529 email: bwells@odu.edu
bkwodu@cs.com
EDUCATION:
December 2000 Ph.D. in Program o f Ecological Sciences - Old Dominion University 
(ODU), Norfolk VA.
August 1994 M.S. Biological Sciences - ODU.
August 1991 B.S. Agricultural Sciences, Fisheries Science -  Virginia Polytechnic 
Institute and State University, Blacksburg, VA.
GRANTS:
Wells, B. K.., C. M. Jones, and S. R. Thorrold. 1998. ID-ICP-MS analysis o f scales from 
laboratory reared juvenile spot (Leiostomus xanthurus) to examine the effects o f 
ambient elemental concentrations on the elemental signature o f the scale.
Virginia Graduate Marine Science Consortium (R/MG-99-01) through the 
Virginia Sea Grant. $6,825.00
PUBLICATIONS:
Wells, B. K., S. R. Thorrold, and C. M. Jones. 2000. Geographic variation in trace
element composition o f juvenile weakfish scales. Transactions o f  the American 
Fisheries Society. 129:889 - 900.
Wells, B. K., G. E. Bath, S. R. Thorrold, and C. M. Jones. 2000. Incorporation of
strontium, cadmium, and barium in juvenile spot (Leiostomus xanthurus) scales 
reflects water chemistry. Canadian Journal o f  Fisheries and Aquatic Sciences.
57: 2122-2129.
Jones, C. M. and B. Wells. Yield-per-recruit analysis for black drum, Pogonias cromis, 
along the East Coast o f  the U.S. and management strategies for the Chesapeake 
Bay. Fishery Bulletin. In Press.
Jones, C. M. and B. Wells. 1998. Age, growth, and mortality o f black drum. Pogonias 
cromis, in the Chesapeake Bay. Fishery Bulletin 96: 451 -  461.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
